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Preface
This dissertation considers two OFDM systems; Fourier and wavelet based
OFDM systems. Fourier based OFDM system is referred to an OFDM tech-
nique that uses Fourier transform in the transceiver. On the other hand,
wavelet based OFDM system is used when an OFDM transceiver uses wavelet
transform. Conventional OFDM system uses inverse fast Fourier transform
(IFFT) and fast Fourier transform (FFT) in the transmitter and receiver re-
spectively for simultaneous parallel multiplexing of signals in the transmitter
and receiver. Simultaneous subchannels are orthogonal to each other during
the transmission. In time domain, the subchannels are in rectangular pulses
next to each other, on the other hand, these subchannels are in sinc pulses in
frequency domain. The peak amplitude of the sinc pulse is at null's of other
sinc pulse. By having this property, the orthogonality is achieved. However,
OFDM bandpass signal in reality suers distorted signals. The received signal
becomes distorted or not perfect due to time varying channel or multipath
fading. This situation can also be called a nonuniform OFDM system. In this
case, the spacing between two adjacent subcarriers is not constant because of
intersymbol interference (ISI) and intercarrier interference (ICI). To combat
these interference, guard interval (GI) which is the length of cyclic prex (CP)
is implemented in an OFDM system in such that it is longer than the chan-
nel impulse response. However, longer GI may reduce channel eciency. For
example, in digital video broadcasting-terrestrial (DVB-T) system there are 4
available GI, 1
4
,1
8
, 1
16
and 1
32
. Using 1
4
results the best protection but the data
vii
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rate is the lowest. On the other hand, using 1
32
gives the highest data rate
but results in the least protection. An alternative solution without using a
CP is to use wavelet transform. The channel eciency is obviously enhanced
if the system does not use CP. According to the Institute of Electrical and
Electronics Engineers (IEEE) broadband wireless standard [34], avoiding the
CP gives Wavelet OFDM an advantage of roughly 20 percent in bandwidth
eciency [78]. Further discussion of Fourier based OFDM is in chapter 2,
whereas, chapter 3 describes more about wavelet based OFDM.
Circular and square 16-quadrature amplitude modulation (QAM) tech-
niques, Narrowband interference models and mitigation techniques, interfer-
ence cancelation algorithm, impulse noise interference eects, and DVB-T
system are discussed in this dissertation. All chapters include both OFDM
systems except chapters 2 and 5. Since modulation technique is a part of wire-
less multicarrier communication system, chapter 4 includes the discussion of
circular and square 16-QAM schemes. Although there are many modulation
techniques used by OFDM systems, a common and simple technique is to use
binary pulse shift keying (BPSK) signaling. Incoming signal is modulated to
+1 and -1 before transmission and recovered back to the original signal after
demodulation in the receiver. Examples of good related works that use BPSK
can be obtained from [2], [62]. But, this type of modulation limits a bandwidth
usage. A better technique is to use M-ary QAM. A 2 bit per OFDM symbol
can be performed using 4-QAM. The data signal is mapped into 4 levels which
are 1  j. At the receiver, the signal needs to be detected and demodu-
lated for recovery. Performance studies can be done to compare the bit error.
The next QAM technique is 16-QAM which uses 16 levels for modulating an
incoming signal. The incoming signal is mapped into 16 possible levels from
combinations of 1  j, 3  j3, 1  j3, and 3  j. At the receiver, the
signal needs to be detected and demodulated for recovery. Since the number
of levels are larger than 4-QAM and suering of multipath eect, the bit error
rate (BER) would be larger than that of 4-QAM. Other QAMs are 64-, 128-
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and 256-QAM. The more the levels of QAM, the more complex the receiver
needs to demodulate for the recovery. This will result more bit errors as the
system becomes more complex. Most of literatures discuss the square QAM
scheme. For this reason, a niche modulation technique needs to focus for the
comparisons between Fourier and wavelet based OFDM. The 16-QAM modu-
lation is a good choice for this study with comparisons of circular and square
16-QAM schemes in both OFDM systems.
Another important issue is the eect of narrowband interference to the
OFDM systems. The denition of the narrowband interference is that its spec-
trum is far less than the signal transmission bandwidth occupied by the data.
This means that few subcarriers are aected by the interference. Another term
of narrowband interference is sinusoidal interference. BER performance can
be improved if a mitigation technique is introduced in the systems. Thus, the
literature surveys of models and mitigation techniques are discussed in chapter
5, and chapter 6 introduces the proposed technique to reduce or mitigate the
interference.
The impulse noise interference is also considered in this dissertation. Un-
like the density noise which is normally based on Gaussian distribution, the
impulse noise is considered as Poisson distribution. A recurrence Poisson pa-
rameter and a ratio of impulse noise power over Gaussian noise power are
taken into considerations when observing impulse noise aecting both OFDM
systems. Two situations heavily disturbed and less disturbed should be con-
sidered. Comparisons of BER results are performed in both OFDM systems,
Fourier and wavelet based OFDM systems. Further discussion can be viewed
in chapter 7.
Application of OFDM systems in DVB-T is also studied in chapter 8. The
DVB-T in 2k mode under the European Telecommunications Standards In-
stitute (ETSI) standard is considered. In this case, 1705 subcarriers for one
OFDM symbol are generated within 8 kHz bandwidth. Generations of the
signals are considered in additive white Gaussian noise (AWGN) channel and
Preface x
also multipath fading. Simulation results are done in Fourier based OFDM
system as well as in wavelet based OFDM system. Facial expression recogni-
tion (FER) application which is used as input message is considered also in
this last chapter.
I hope that this dissertation would be used as a source of study and inspire
further research in these elds.
Khaizuran Abdullah
Melbourne
August 2009
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Abstract
Orthogonal Frequency Division Multiplexing (OFDM) is a promising multi-
carrier wireless system for transmission of high-rate data stream with spectral
eciency and fading immunity. Conventional OFDM system use ecient IFFT
and FFT to multiplex the signals in parallel at the transmitter and receiver re-
spectively. On the other hand, wavelet based OFDM system uses orthonormal
wavelets which are derived from a multistage tree-structured wavelet family.
The Fourier based and wavelet based OFDM systems are studied in this dis-
sertation. Two types of QAM schemes, circular and square modulations are
used to compare the performance in both OFDM systems. A new approach
of determining exact BER for optimal circular QAM is proposed. In addition,
the presence of narrowband interference (NBI) degrades the performance of
OFDM systems. Thus, a mitigation technique is necessary to suppress NBI in
an OFDM system. Recent mitigation techniques can be broadly categorised
into frequency domain cancellation, receiver windowing and excision ltering.
However, none of the techniques considers wavelet based OFDM. Therefore, an
interference cancelation algorithm has been proposed to work for both OFDM
platforms. The performance results of two OFDM schemes applicable to digital
video broadcasting (DVB)-terrestrial system and under the eect of impulsive
noise interference are also included. BER performances are obtained in all re-
sults. It has been shown that wavelet based OFDM system has outperformed
Fourier based OFDM system in many cases.
Twelve papers have been published/submitted during this candidature.
xxv
Chapter1
Introduction
1.1 Introduction
OFDM can be considered as a multicarrier modulation system. The transmis-
sion channel is divided into a number of subchannel in which each subchannel
is assigned a subcarrier. When a signal is transmitted through a non-ideal
channel, intersymbol interference (ISI) will occur such that the system perfor-
mance is degraded. The degree of the performance depends on the frequency
response characteristics of the channel. Due to this ISI eect, the complexity
of the receiver will also be increased [49]. Two factors of constraints are usually
required for designing the system, they are the transmitted power constraints
and receiver complexity constraints. Within these constraints, a designer has
to eciently use the channel bandwidth availability in order to transmit the
information reliably. When a single carrier system is employed in which the
sequence of messaging data is transmitted in serial at some specied transmis-
sion rate R symbols per second, the time dispersion of the non-ideal channel
is normally much greater than the symbol duration. Hence, ISI will greatly
aect the receiver system. For this reason, an equaliser is required to com-
pensate for the system. Examples of equalisers in the receiver are discussed
in [29], [43], [44], [79]. The principle task of an equaliser is to atten the
channel over the used bandwidth. This is possible by using a digital lter
at the receiver. This means that the channel becomes linear satisfying the
1
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water pouring optimisation theory. According to [42], the bits per channel
assigned to each narrowband frequency bin is at before transmission. After
transmitting via a non-linear channel, the received signals become unattened
or have deep fades due to cross talk or interference. To recover the signals,
the equalisers in the receiver must compensate for the defect. A decision feed-
back equaliser (DFE) generally improves the performance by minimising the
ISI by converting the channel into a minimum phase channel and then sub-
tracting the resulting channel output from an emulated ISI pattern provided
in its feedback path [79]. Detailed discussions are in [48] and [42] about the
water-pouring interpretation in which the average transmitted power (Pave)
as the same amount of pouring water into a bowl. The ratio of the power
spectral density of the additive white Gaussian noise (nn(f)) over the square
absolute value of the capacity (jC(f)j2) is interpreted as the bottom of a bowl
of unit depth. The water which is interpreted as Pave will distribute itself into
the bowl to achieve the capacity. To make the frequency response becomes
at, the transmitted power in each subchannel should be a constant value
for all subchannels over specied bandwidth. Furthermore, it is suggested by
[48] that the transmission data of a single modulated carrier with an equaliser
at the receiver is dicult to achieve at a high transmission rate. Thus, a
multicarrier transmission technique such as OFDM can possibly compensate
for the problem by assigning parallel transmission of quadrature amplitude
modulation (QAM) symbols with an inverse fast Fourier transform (IFFT)
and fast Fourier transform (FFT) operations in the transmitter and the re-
ceiver respectively. OFDM consists of N independent QAM channels which
are called subcarriers, each operating at the same symbol rate 1
T
within dis-
tinct constellation points having complex-valued signals. The IFFT and FFT
are employed to modulate and demodulate the N subcarriers into QAM in-
formation symbols at the transmitter and receiver respectively. However, one
limitation of this conventional based OFDM is that it suers relatively large
spectral sidelobes. The rst sidelobe is only 13 dB down from the peak at the
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desired subchannel [48]. As a result, the Fourier based implementations are
vulnerable to interchannel interference (ICI). It is suggested that substantially
lower sidelobes need to be achieved to deal with such channel anomalies. An
attractive alternative is to use wavelet based lters which satisfy the perfect
reconstruction property [83], [48].
Recently, wavelet based OFDM has became popular in much of the lit-
erature. Wavelet OFDM can better combat narrowband interference and is
inherently robust to ICI compared to FFT lters, this is due to the fact that
its lters oer very high spectral containment properties [82], [88], [100], [106],
[118]. In this dissertation, we are discussing the study on the comparisons
of conventional OFDM, which is Fourier based OFDM, with wavelet based
OFDM. Another term which can be used for Fourier based OFDM is FFT-
OFDM since it is referring to FFT lters in the OFDM transceiver. Sometimes,
this conventional OFDM is also called discrete multitone modulation (DMT)
because it also uses Fourier lters in both transmitter and receiver. On the
other hand, other names of wavelet based OFDM are discrete wavelet trans-
form (DWT)-OFDM. This alternative implementation is also sometimes called
discrete wavelet multitone modulation (DWMT).
Recent trends and developments in the use of wavelets in wireless com-
munications are reviewed in [78]. Among other uses of wavelets are source
and channel coding, channel modeling, data compression, signal denoising,
and design of transceivers. It is reported that the exibility and ability to
characterize signals accurately is the main property of wavelets in these appli-
cations. Having such property makes wavelets a strong candidate for future
use in the wireless eld. The meaning of wavelet originally came from con-
struction of small waves since the derivation of the word wavelet is from the
French researcher, Jean Morlet, who used the French word ondelette meaning
a small wave [85]. Then, the word was transformed from onde into wave
combining with lette to become "wavelets". From the denition of its name, it
is suggested that wavelets are small waves with an oscillating non-zero signal
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for limited periods of time governed by mathematical properties. Fourier and
wavelet transforms are almost the same in performing their tasks because they
decomposes signals into elementary waveforms or basis of frequency compo-
nents. However, their basis functions are dierent. Fourier transform has sines
and cosines as its elementary functions. On the other hand, wavelet transform
has the basis elements in terms of low pass and high pass lter coecients. Due
to the characteristics of the basis functions, wavelet has the ability to analyse
the local properties of the input signal, such as edges or transients. In this
case, Fourier transform is not an ecient tool to analyse the local property
such as the edge or transient. The wavelet transform is represented by the
scale and time analysis whereas the Fourier transform is represented in time
and frequency domain. In general, a wavelet transform uses an irregular shape
of scaling and wavelet functions to represent sharp change and local feature of
a signal. At low frequencies, wavelet transform gives a good frequency resolu-
tion and poor time resolution, whereas, at high frequencies, it gives good time
resolution and poor frequency resolution. This principle is correct since a sig-
nal can be considered as having high frequency components for short durations
and low frequency components for long durations.
1.2 Fourier Versus Wavelet based OFDM
Fig. 1.1 shows an overall system block diagram for a wavelet based and Fourier
based OFDM systems. The system is considered wavelet based OFDM if it
uses IDWT and DWT blocks in place of the blocks labelled `inverse transform'
and `forward transform' respectively. On the other hand, it is considered as
Fourier based OFDM when it uses IFFT and FFT blocks in place of the blocks
labelled `inverse transform' and `forward transform' accordingly. Let us discuss
the wavelet based OFDM rst. The transmitter in the top part of Fig. 1.1,
accepts serial data d, in the form of time-division multiplexed (TDM) data,
and converts it into several lower rate sequences of channel symbols in the
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QAM modulator. It is then passed in parallel to the inverse discrete wavelet
transform(IDWT) block as Xm. A single signal sequence Xk is the output after
IDWT and is being frequency division multiplexed (FDM) before being passed
to a DAC (digital to analog converter) for transmission. Then, the transmitted
signal passes through the communication channel such as an additive White
Gaussian noise channel (AWGN) or multipath channel. At the wavelet based
OFDM receiver, shown in the bottom part of Fig. 1.1, multicarrier demodula-
tion is performed with a discrete wavelet transform (DWT). The decoded data
sequences are then converted back to a single TDM stream, dm, and passed
through the data recovery process.
Figure 1.1: An OFDM transceiver. Note that the bracket sign of the components
(+CP) and (-CP) are referring to the system does not require CP for wavelet based
OFDM, whereas, it requires CP for Fourier based OFDM. The plus and negative
signs indicate 'add' and 'remove' CP when it deals with Fourier based OFDM.
For the Fourier based OFDM system, the transform blocks' implementa-
tions are with an inverse and forward FFT, rather than with an inverse and
forward wavelet transform. Other system block functions are similar to DWT-
OFDM system. In following two chapters, both OFDM systems are discussed
in details.
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1.3 Orthogonal versus Biorthogonal
The Fourier transform has exponential parts consisting of cosine and sine sig-
nal bases which are orthogonal to each other. The wavelet transform also has
orthogonal bases. Its bases are low pass and high pass lters which are asso-
ciated with the scaling and wavelet function respectively. Since Fourier and
wavelet transforms are orthogonal, their BER results will show similar perfor-
mances in an AWGN channel. Currently, we are not interested in discussing
the results but in section 3.4, a more detailed of performance of this will be
presented. The purpose of this section is to introduce the concepts of orthogo-
nal and biorthogonal bases and why they are fundamental to the work in this
dissertation.
The wavelet transform can be classied either orthogonal or biorthogonal
[86]. Using the MATLAB command wavename('orth') or wavename('bior'),
we can check whether a wavelet family is orthogonal or biorthogonal. Among
orthogonal wavelets are Daubechies, Coiets, Morlet and Meyer. On the other
hand, biorthogonal wavelets are dierent than orthogonal wavelets because
they have biorthogonal bases meaning that their bases have symmetric per-
fect reconstruction properties with compactly support. In order to work as
biorthogonal functions, their scaling and wavelet lters have duality proper-
ties. In this case, there are two duality functions for each scaling and wavelet,
they are  and ^ for the scaling lters, and  and  ^ for the wavelet lters
accordingly. In MATLAB, we have built-in functions such as bior1.1, bior2.2 ,
bior5.5 , rbio1.1, rbio2.2 and rbio5.5. The number next to its name is referring
to the length of the lter in the decomposition and reconstruction lters.
1.4 Research Problem
Conventional OFDM uses a Fourier based transform in this case the system
requires a cyclic prex (CP) to minimize ISI. However, by having this CP
in the symbol transmission, the bandwidth usage would be inecient. An
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alternative way is to use the wavelet transform which will allow the overlapping
of subcarriers in the symbol transmission and not require the CP. Due to time
overlap wavelet based OFDM system can not use cyclic prex (CP) or any kind
of guard interval (GI) that is commonly used in conventinal OFDM system
[28]. By not requiring the CP, the bandwidth would be more eciently used.
According to [118], wavelet based OFDM gives more advantage in spectral
containment compared to Fourier based OFDM due to the overlapped nature
oered by wavelets. The higher the overlapping factor g, the better the spectral
containment [89], [118]. The comparisons of frequency responses is shown in
Fig. 1.2.
A similar comparison between the frequency responses of wavelet based
and Fourier based OFDM also can be found in [88], [89]. The rst side lobe
for a wavelet based OFDM subchannel is 45 dB down from the main lobe, on
the other hand, it is only 13 dB down from the main lobe for Fourier based
OFDM. It is worth mentioning that the great reduction in sidelobe levels is
the main motivation behind the recent trend of using wavelet lters in OFDM
systems. Wavelet lters provide better spectral containment than its Fourier
counterpart. When orthogonality between carriers is lost after the transmitted
signal passes through a non-uniform channel, the amount of interference be-
tween carriers in wavelet systems is much lower than in Fourier systems since
the sidelobes contain much less energy. This improved spectral containment
reduces ICI. The notion of a CP (and the necessary 1-tap equalizers at the
receiver) does not make sense in the context of wavelet OFDM, due to the
overlapped nature of the signaling. Reduced ICI without the need for a CP
is an attractive feature of wavelet OFDM. It allows data rates to be pushed
past those of Fourier OFDM, which relies heavily on the CP and 1-tap lters
to mitigate the eects of ICI.
This dissertation also tackles impulsive noise interference which can be
considered as one of the major drawbacks that degrade OFDM system perfor-
mance. Impulsive noise interference is a primary source of performance degra-
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(a) DMT transmission
(b) DWMT transmission
Figure 1.2: Illustrating the frequency response comparisons of six spectrally
contiguous subchannel pulse sequences between Fourier (DMT transmission)
and wavelet based OFDM (DWMT transmission) taken from [118].
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dation in several applications, including data transmission over telephone net-
works and its eects on various digital communication schemes have received
considerable attention [62], [75], [91], [111], [115]. A noise burst is considered
impulsive if it causes a response in the RF lter portion of a receiver which
is essentially identical in shape to the impulse response of the RF lter, i.e.,
diers from it at most by a complex gain. Thus the essential requirement for
a noise burst to be called impulsive is that its spectrum be at across the
passband of the RF lter studied. It appears that for a wide range of commu-
nication receivers and pulse-like disturbances found in their vicinity, the above
impulsive noise denition should be quite satisfactory. Broadly speaking, in
the case of radio links the impulsive interference is caused by a combination
of atmospheric noise and man-made noise for frequencies up to 100 MHz and
is almost exclusively man-made for frequencies above 100 MHz. In telephone
lines the impulsive interference is also caused by several sources: lightning,
switching transients, and accidental hits during maintenance work. Thus, the
study is to generate impulsive noise contamination to both OFDM systems;
Fourier and wavelet. In this case, Poisson distribution is considered for the
impulsive noise distribution. To generate impulsive noise with Poisson distri-
bution, a Poisson recurrence parameter a, is considered along with a ratio r
which is the ratio of impulsive noise power over Gaussian noise power. Con-
sidering this distribution, a Poisson recurrence parameter a is observed in two
cases when a is small and a is large. This problem is shown in Fig. 1.3.
Another important issue is the eect of radio frequency interference (RFI)
to the OFDM systems. RFI can be divided into two types; narrowband in-
terference and broadband interference [96]. The sources of narrowband in-
terference are produced from intentional transmissions such as radio and TV
stations, pager transmitters, baby monitors, microwave ovens, garage door
openers and cell/cordless phones [2], [96]. Narrowband interference can be
dened as a bandpass signal that has a bandwidth much less than the band-
width of an OFDM signal [48]. This denition is also approximately close
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to the denition of narrowband interference in a spread spectrum system de-
scribed by [47]. The narrowband interference spectrum may reside within an
OFDM spectrum. The OFDM subcarriers which are adjacent to it may be
aected. Due to this eect, the performance of OFDM systems becomes de-
graded. On the other hand, broadband interference is caused by the devices
with a rich harmonic content which interferes over a very broad spectrum,
due to this characteristics, the interference spectra is embedded within almost
every subcarrier in an OFDM symbol. The receiver will also be less eective
to lter the interference. This dissertation focusses mainly on mitigating the
narrowband interference. The broadband interference mitigation may be left
for future research.
1.5 Thesis Objectives
The objective section is divided into two parts: main objective and specic
objectives. The main objective consists of reviewing the study of wavelet
based OFDM as an alternative replacement to the conventional OFDM system,
Fourier based OFDM. With the alternative approach, wavelet based OFDM,
DWT and IDWT operations replace the IFFT and FFT blocks.
The specic objectives are described as follows. Firstly, to observe the
circular M-ary modulation type for Fourier and wavelet based OFDM. The
circular scheme needs to be compared with the conventional square scheme
in both OFDM platforms. Since there are many types of modulations such
as BPSK, QPSK, and M-ary QAM, one type is chosen to have a niche area
of study, this being 16-QAM modulation. This modulation type is chosen for
this research based on the fact it is commonly used in the standard OFDM
modulation schemes such as terrestrial Digital Video Broadcasting (DVB),
Digital Audio Broadcasting (DAB) and High Performance Radio LAN Version
2 (HIPERLAN/2) [108]. It is also a moderate modulation scheme of obtaining
the results between 4-QAM and 64-QAM [48].
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(b) Impulsive noise eect when a=50
Figure 1.3: Sequence Samples of two OFDM symbols with impulsive noise
eect, (a) small a, i.e. a = 5 and (b) large a, i.e. a = 50.
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The second specic objective is to study the eect of impulsive noise in-
terference in both OFDM systems. Studies indicate that OFDM systems are
aected by impulsive noise following a Poisson distribution. Considering this
distribution, a Poisson recurrence parameter, a is observed. Two scenarios; a
is small and a is large are investigated. From these situations, performance of
results among Fourier and wavelet based OFDM are obtained.
The third specic objective is to mitigate interference in Fourier and wavelet
based OFDM. A sinusoidal interference, which is an unknown signal compo-
nent, is considered to aect both OFDM systems. An interference cancelation
algorithm is developed to minimise or mitigate that unknown signal. For this
problem of study, we propose two situations; an ideal case which is when the
received signal mixes with a known interference signal, and a non-ideal case
where the received signal is contaminated with an unknown interference signal.
Both cases are determined under the two OFDM systems, Fourier and wavelet
based OFDM. Performance of results are obtained to observe which system
outperforms the other.
The last specic objective is to study the application of DVB-T for both
OFDM systems. To simulate the system, the standard parameters approved
by ETSI in 2k mode or 8k mode should be considered. The study should
perform the comparative BER performances between wavelet (DWT) based
OFDM and Fourier (FFT) based OFDM. It also will include both AWGN and
Rayleigh fading channels.
1.6 Original Contributions
The main contributions of this dissertation are as follows:
1. A new approach of study on calculation of exact and closed-form of
BER for circular 16-QAM constellation based on the four types of the
decision boundaries is developed. Each decision boundary is classied
based on minimum distance d, following the pdf Gaussian distribution
Chapter 1. Introduction 13
with respect to the in-phase and quadrature components nI and nQ
respectively. The BER analysis is extended to determine the exact
BER for other M-ary QAM. It is shown that all the simulation results
have met the theoretical calculations for all M-ary QAM modulations.
This led to the submission of publication in IEEE Antenna and Wireless
Propagation Letters in August 2009.
2. A new approach of study on the circular 16-QAM constellation that
has been performed in the previous point is developed and applied to
the Fourier and wavelet based OFDM systems. The error performance
is done between circular and square schemes. The BER performance
also includes comparisons of wavelet families; orthogonal and biorthog-
onal wavelets. This contribution was presented at The 5th IEEE GCC
Conference in March 2009.
3. A new approach on designing the wavelet-based OFDM for DVB-T sys-
tem is performed. DVB-T system is conventionally done using Fourier
based OFDM. By using the same OFDM parameters of DVB-T (2k
mode) compliance with ETSI standard as in Fourier based, the wavelet
based OFDM is considered. Comparative BER performances are in-
cluded. It is shown that the DWT-OFDM outperforms FFT-OFDM in
AWGN and also in Rayleigh fading channels. This study was published
in IEEE Australasian Telecommunication Networks and Applications
Conference (ATNAC) in 2007 [55]. This new approach also can be
viewed in IEEE xplore.
4. A new interference cancelation algorithm (ICA) for Fourier and wavelet
based OFDM is proposed. This ICA is considered in two cases, ideal
and non-ideal. In the ideal case, we assume the reference signal is an
unwanted sinusoidal signal (the input to our ICA algorithm). In the
non-ideal case, we assume the received OFDM signal is contaminated
with sinusoidal interference. From these two cases, we indicate that the
proposed ICA exhibits outstanding performance since the BER results
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obtained in both cases are almost the same. The wavelet based OFDM
outperformed the Fourier-based OFDM in both cases. The ndings of
this work was published in IEEE International Conference on Advance
Technologies for Communications (ATC) in 2008 [56]. This paper is
available in IEEE xplore.
5. The impulsive noise eect on OFDM system is one of the challenging
issues faced by OFDM studies, therefore, designing the steps of how
to simulate exible transformed models of DWT- and WPT-OFDM as
alternative replacements of FFT-OFDM under the eect of impulsive
noise is one of the new approaches in this dissertation. The development
of DWT and WPT models are the keys of study. This work led to the
publication in the IEEE International Conference on Communication,
Computer and Power in February 2009 [57].
6. A model for DWT-OFDM is designed, this includes zero-padding and
vector transpose for transmitting the OFDM signal. In order to act as
an alternative replacement for conventional OFDM system, the wavelet
based OFDM has to fulll the perfect reconstruction properties. A
modied version of the perfect reconstruction property was designed.
This includes the analytical proof of mathematical equations involving
the input and output variables of the low pass and high pass lters
to illustrate the PR property's operation are discussed. This material
was published in IEEE International Conference on Communication,
Computer and Power in February 2009 [58].
7. A novel study is conducted on the performance of two dierent types of
QAMmodulations, 4 and 16 QAM, using FFT-OFDM system and facial
expression recognition. The result shows that the image as an input
source has been correctly detected by the receiver as expected. This
has been proved when the empirical results obtain about the same as
the theoretical results. This work was published in IEEE International
Conference on Advance Technologies for Communications (ATC) 2009
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[114].
8. The previous item is modied and developed so as to allow a study of
BER performance when DWT-OFDM and facial expression recognition
is conducted. Two types of wavelet transform; orthogonal (using db2)
and biorthogonal (using bior5.5) are used for two dierent types of
QAM modulations, 4 and 16 QAM, considering DWT-OFDM system.
The result shows that bior5.5 performs better than db2 BER. This
is due to the fact that biorthogonal wavelets oer more advantages
by having symmetrical scaling and wavelet functions. This new idea
was published in IEEE Australasian Telecommunication Networks and
Applications Conference (ATNAC) 2009 [61].
1.7 Thesis Organisation
This dissertation consists of nine chapters, organised as follows:
Chapter 2: Fourier Based OFDM
An overview of the conventional OFDM is made in this chapter. As this
OFDM system is a multicarrier system, it has many advantages to deal with
multipath eect by having a cyclic prex. This prex must be longer than the
channel impulse response to reduce ISI. This chapter provides system process
and model of FFT-OFDM. It also discusses the orthogonality, cyclic prex,
IFFT and FFT operations. The peak-to-average power ratio of FFT-OFDM
is also provided at the end of the chapter.
Chapter 3: Wavelet Based OFDM
In this chapter wavelet based OFDM, which is an alternative candidate to
replace conventional OFDM, is introduced. It is suggested by much literatures
that it has high spectral containment due to not needing a cyclic prex. This
chapter discusses the wavelet OFDM principles for orthogonal and biorthog-
onal wavelets. It also gives a system model of DWT-OFDM and discusses
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the property of perfect reconstruction. The peak-to-average power ratio of
DWT-OFDM is discussed at the end of this chapter to reex the PAPR in the
previous chapter.
Chapter 4: Circular and Square Quadrature Amplitude Modulations
In this chapter, two modulation schemes are compared. The conventional
scheme is the square 16-QAM. The alternative scheme is the circular 16-QAM.
The derivation of the constellations points is provided and the BER analysis
for the circular scheme is also given. The results and discussion of BER per-
formances in both OFDM systems are provided at the end of the chapter.
Chapter 5: Narrowband Interference Models and Mitigation Tech-
niques
The interference models and mitigation techniques are included in this
chapter. This is an overview of the current research of the interference in
an OFDM system. The narrowband interference models are discussed to see
the interference characteristics in terms of parameters such as the amplitude,
frequency, and phase. By investigating these parameters, the interference can
be estimated. This leads to the mitigation that is proposed in the next chapter.
Chapter 6: The Proposed Interference Cancelation Algorithm
This chapter proposes a new interference cancelation algorithm. This al-
gorithm is implemented to minimise the narrowband interference. Two cases,
ideal and non-ideal are considered. Analysis and simulation are provided for
each case. The performance results are also provided to evaluate the cancela-
tion algorithm.
Chapter 7: Impulsive Noise Interference eects in OFDM Systems
In this chapter, we attempt to see the impulsive noise eects to the OFDM
systems, and observe how wavelet OFDM perform better than Fourier OFDM.
The experimental results and discussions are divided into two scenarios de-
pending on the Poisson recurrence parameter and the ratio of impulsive noise
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power over Gaussian noise power.
Chapter 8: Performance OFDM Systems in DVB-T and FER
In this chapter, applications of DVB-T and FER are included for both
OFDM systems. The study of DVB-T using 2T mode of OFDM parameters
following the ETSI standards is discussed followed by the application of FER
for OFDM channels.
Chapter 9: Conclusions and Future Work
This chapter summarises the main conclusions of this dissertation and
presents possible future directions. Suggestions and ways of improvement for
the future research are also given.
Chapter2
Fourier Based OFDM
2.1 Introduction
A conventional multicarrier technique such as frequency-division multiplexing
(FDM) takes a parallel data system and divides it into N frequency subchan-
nels which do not spectrally overlap [11], [35], [39],[40], [67], [109] ,[108], [116]
and [131]. The separation of the subchannels is possible using three available
schemes [131]:
1. Using lters to completely separate subbands. This method was bor-
rowed from the conventional FDM technology. The limitation of lter
implementation forces the bandwidth of each subband to be equal to
(N + )fn, where N is the number of subcarrier,  is the roll-o factor
and fn, is the Nyquist bandwidth. Another disadvantage is that it is
dicult to assemble a set of matched lter when the number of carriers
are large.
2. Using staggered QAM to increase the eciency of band usage. In this
way the individual spectra of the modulated carriers still use an excess
bandwidth of B, but they are overlapped at the 3 dB frequency. The
advantage is that the composite spectrum is at. The separability or
orthogonality is achieved by staggering the data (oset the data by half
a symbol). The requirement for lter design is less critical than that
for the rst scheme.
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3. Using the discrete Fourier transform (DFT) to modulate and demodu-
late parallel data. The individual spectra are now sinc functions and are
not bandlimited. The FDM is achieved, not by bandpass ltering, but
by baseband processing. Using this method, both transmitter and re-
ceiver can be implemented using ecient FFT techniques which reduce
the number of operations from N2 in DFT down to about N log2N .
The separation of the subchannels is necessary in order to avoid spectral over-
lap of channels to eliminate interchannel interference. However, the available
spectrum is not eciently being used. To cope with this problem, an over-
lapping multicarrier modulation technique, such as OFDM, can be used. By
implementing this technique, almost half of the available bandwidth can be
saved [108]. This is illustrated in Figs. 2.1 and 2.2. According to Fig. 2.1, the
total frequency bandwidth BFDM is divided into nonoverlapping frequencies
i.e 8 subchannels. The number on top of each subchannel corresponds to the
channel number. Each subchannel is modulated with a separate carrier and
then the 8 subchannels are frequency-multiplexed. Whereas in Fig. 2.2, the
total frequency bandwidth BOFDM which is about half of BFDM is divided
into the same number of subchannel with orthogonally overlapping frequency
subchannels. The signicant point here is the orthogonality between the dif-
ferent modulated subchannels or subcarriers. Basically, the name 'Orthogonal
Frequency Division Multiplexing' comes from that concept.
Figure 2.1: Non-overlapping subchannels in a conventional multicarrier technique
such as FDM.
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Figure 2.2: Overlapping subchannels in an orthogonal multicarrier technique such
as OFDM yielding to bandwidth saving.
The multiplexing OFDM subcarriers are possible using the inverse dis-
crete Fourier transform (IDFT) and discrete Fourier transform (DFT) in the
transmitter and receiver respectively. Some literatures use IFFT and FFT
operations instead of IDFT and DFT. The reason is that the computation al-
gorithm of DFT which is N2 is slower than FFT which is N log2N [102], [131].
A further discussion is illustrated in Table 2.1.
Table 2.1: Calculation Complexity between DFT and FFT.
Bits
OFDMSymbol
N DFT FFT
1 2 4 2
2 4 16 8
3 8 64 24
4 16 256 64
5 32 1024 160
6 64 4096 384
7 128 16384 896
8 256 65536 2048
9 512 262144 4608
10 1024 1048576 10240
The OFDM system also employs guard intervals or cyclic prexes (CP) so
that the delay spread of the channel becomes longer than the channel impulse
response [10], [11], [35], [38], [40], [108], [116] and [131]. The purpose of this is
to minimize inter-symbol interference (ISI), however a CP reduces the power
eciency and data throughput. In this case, the system must make sure
that the cyclic prex is a small fraction of the per carrier symbol duration
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[30], [38], [122]. The CP also has the disadvantage of reducing the spectral
containment of the channels [88], [100], [106] and [118]. Due to these problems,
an alternative method is to use a wavelet transform to replace the IFFT and
FFT blocks [6], [88], [100], [106], [118]. By using these transforms, the spectral
containment of the channels is better since they are not using CP [88], [100],
[106], [118]. The wavelet OFDM will be discussed in details in the next chapter.
This chapter is organised as follows. The next section describes the process
of a typical FFT-OFDM system followed by section 2.3 discussing the general
model of FFT-OFDM. Section 2.4 studies the orthogonality of a Fourier based
OFDM system. The discussion of Fourier transform in an OFDM transceiver
is presented in section 2.5. Section 2.6 analyses the cyclic prex and the nal
section, section 2.7 completes this chapter and discusses the PAPR in FFT-
OFDM.
2.2 FFT-OFDM System Process
An OFDM transceiver system is shown in Fig. 2.3. The inverse and forward
transform blocks are the operations that will be focussed on since they can be
FFT-based or DWT-based OFDM. Signal generator will produce a sequence
of binary numbers, d, consisting of binary 0s and 1s. Depending on the system
transmission rate, the output from the generator will determine the bit rate for
the transmission. For example, if the system requires 16-QAM then the binary
output will have 4 bits per OFDM symbol. The binary number is in multiple
of 2 since it has a random probability of a 0 or 1. From this example, we
can observe that there are 4 bits representing an OFDM symbol. If MATLAB
produces a random integer using the randint built-in function, the integer will
have a random probability of a number between 0 and 15.
After generating binary number d, the mapping process is performed. An
OFDM symbol is mapped from a binary to a complex signal with an amplitude
and phase represented by a real and imaginary number. This is then encoded
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and interleaved so as to produce a matrix to be mapped onto QAM values in
the form of amplitude and phase. In the case that the system uses 16-QAM,
it maps 4 binary bits to 16 constellation points, Xm. This involves taking N
parallel streams of QAM symbols (N being the number of sub-carriers used in
the transmission of the data) and performing an IFFT operation. The output
of the IFFT operation in discrete time is as follows:
Xk(n) =
1p
N
N 1X
i=0
Xm(i) exp
 
j2
n
N
i

(2.1)
where Xm(i)j0  i  N   1 are complex numbers in the discrete frequency do-
main and Xk(n)j0  n  N   1 is a sequence in the discrete time domain.
Figure 2.3: An OFDM transceiver illustrating the process of Fourier and wavelet
based OFDM systems in an AWGN channel with n(t) representing the Gaussian
noise.
The cyclic prex (CP) is lastly added before transmission to minimize the
inter-symbol interference (ISI). At the receiver, the process is reversed to obtain
the decoded data. The CP is removed to obtain the data in the discrete time
domain and then processed using the FFT for data recovery. The output of
the FFT in the frequency domain is as follows:
Um(i) =
N 1X
n=0
Uk(n) exp
   j2 n
N
i

(2.2)
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Samples of one OFDM symbol processed in the FFT-OFDM system shown in
Fig. 2.3 are shown in Figs. 2.4 and 2.5.
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Figure 2.4: Tx data: Xm (Below), Xk (Top).
2.3 System Model of FFT-OFDM
The block diagram in Fig. 2.3 is a typical system conventional OFDM. It
is assumed that there is no frequency oset so that the FFT itself acts as a
matched lter at the receiver. To determine the data in sub-channel k, we
match the transmitted waveform with carrier i [88]:
hy(t); fi(t)i =
K 1X
k=0
dkhfk(t); fi(t)i (2.3)
where y(t) is the transmitted data via IFFT, fk(t) are complex exponentials
or it can be written as ej2km=K (K being the size of FFT), dk is the data
projected onto each carrier, hfk(t); fi(t)i equals 1 when k = i and 0 when
k 6= i.
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Figure 2.5: Rx data: Um (Below) Uk (Top).
In a typical communication system, data is transmitted over a dispersive
channel. The impulse response of a deterministic (and possibly time-varying)
channel can be modelled by a linear lter h(t):
r(t) = y(t)  h(t) + n(t)
=
K 1X
k=0
dkx
0
k(t) + n(t) (2.4)
where x0k(t) = xk(t)  h(t). When matching the transmitted waveform with
carrier i, we have
hy(t); fi(t)i =
K 1X
k=0
dkhx0k(t); fi(t)i+ hn(t); fi(t)i
=
K 1X
k=0
dkk;0(0) + hn(t); fi(t)i
= dKi;i(0) +
K 1X
k=0
k 6=i
dkk;i(0) + n
00(t) (2.5)
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where dKi;i(0) is the recovered data with correlation term i;i(0) and n00(t) is
uncorrelated Gaussian noise. The interference term, i(t) =
PK 1
k=0;k 6=i dkk;i(0),
degrades the system performance. It causes the lter to be distorted and
causes the data to no longer be orthogonal to one another with correlation
terms k;i(0). If the channel has no distortion, this term becomes 0 and would
decode exactly what was transmitted plus a Gaussian noise term.
2.4 Orthogonality
Orthogonality for an OFDM signal allows multiple overlapping information
signals to be transmitted perfectly without suering interference. This hap-
pens when the signals have integer number of cycles per OFDM symbol. By
having them cyclic, it yields to have an integer number of samples within the
IFFT/FFT interval. Equation (2.6) below indicates that there is a precise
mathematical relationship between the subcarriers to preserve orthogonality
in the system;
Z Ts
0
sin(n!t) sin(m!t)dt = f1 n=m0 n6=m (2.6)
where ! = 2f , f is the carrier spacing, m and n are the number of carriers
and Ts is the eective OFDM symbol period excluding the guard interval. It
is worth mentioning that equation (2.6) is the same principle as the equation
dened in [123]. According to equation (2.6), the integral indicates that the
integer number n and m must not be equal so that the integration is zero.
In this case the integration over a period of symbol duration Ts satises the
orthogonality property. If the integer n is equal to m, the integration over a
period Ts cannot be zero, thus, it will not be orthogonal. The integral limit
is taken for one OFDM symbol period, Ts and consists of four subcarriers as
plotted in Fig. 2.6.
The number of the subcarriers depends on the requirement of the bit rate
and the OFDM symbol rate in a multiple of 2 and it is not necessary for
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the subcarriers to be four. The integration of any two signals from any four
subcarriers is zero. Note that all these subcarriers are zero phase and each
subcarrier has an integer number of cycles per eective OFDM symbol. Here,
we can dene that the eective OFDM symbol is the IFFT/FFT duration
excluding the guard interval. The subcarriers: sin(!t) has one cycle, sin(2!t)
has two cycles, sin(3!t) has three cycles, and sin(4!t) has four cycles. If the
integer number of subcarriers are equal, i.e m = n, then the integration over
the OFDM symbol period Ts cannot be equal to zero. Hence, orthogonality
cannot be fullled. If the integer number of subcarriers are not equal, that is
m 6= n, then the integration over the OFDM symbol period Ts can be equal
to zero. For example, two signals such as sin(!t) and sin(2!t), which are
indicated in Fig. 2.6, fulll the orthogonality by determining the integration
over an eective OFDM symbol period Ts as shown in Appendix A. Additional
understanding of orthogonality can be thought of as a set of harmonic sine and
cosine functions, such as sin(nt) and cos(nt) on any specied interval range
with any integer value of n [85]. This is possible because they are square-
integrable functions over specied interval ranges which form an orthogonal
basis used in the Fourier series expansion.
The orthogonality property of OFDM signals can also be viewed by looking
at its frequency spectrum. Fig. 2.6 shows the rst 4 OFDM subcarriers where
N is the number of subcarriers per OFDM symbol. Each OFDM subcarrier
has a sinc(f) or sin(x)
(x)
spectrum where x is f . This is the result of the symbol
time corresponding to the inverse of the carrier spacing 1
T
Hz, where T is
the duration time for fast Fourier transform which is a fraction of the OFDM
symbol period Ts. The spectrum of an eective OFDM signal is, in fact,
obtained by the convolution of a sinc function, which is the spectrum of a
single subcarrier, with a sequence of dirac pulses (f) equispacing with f .
The sinc function has a narrow main lobe at the centre with many side-lobes
that decay slowly with the magnitude of the frequency dierence away from
the centre. Each subcarrier has a peak at the centre frequency and nulls evenly
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spaced with a frequency gap equal to the carrier spacing. From Fig. 2.6, it
can be seen that the rst subcarrier, peak occurs at 0 subcarrier frequency and
zeroes at other subcarrier frequencies 1, 2, 3 until N , the same principle applies
to the adjacent subcarriers 2, 3, until N. It shows that the orthogonal nature
of the transmission is a result of the peak of each sub carrier corresponding to
the nulls of all other sub carriers.
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Figure 2.6: Overlapping spectra of subcarriers per OFDM symbol.
2.5 IFFT and FFT Operations
The IFFT performs the same operations as an IDFT, except that it is much
more computational ecient, and so is used in many practical systems. For
example, using the radix-2 algorithm, IFFT performs (N
2
)log2N complex mul-
tiplications [101], [108]. For 64 number of samples, it requires 192 multiplica-
tions. The number of multiplications can be less if the system uses the radix-4
algorithm which performs (3
8
)N log2N   2. For 64 number of samples, the sys-
tem requires only 96 multiplications if it uses radix-4 algorithm which is about
50 percent less. This is illustrated in Table 2.2.
An example of performing radix-4 algorithm for N subcarriers in a four-
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Table 2.2: FFT: Radix-2 and Radix-4 Complex Multiplication Comparisons.
N Radix-2 FFT Radix-4 FFT
8 12 3
16 32 12
32 80 36
64 192 96
128 448 240
256 1024 576
point IFFT is shown as follows:
1
N
26666664
1 1 1 1
1 j  1  j
1  1 1  1
1  j  1 j
37777775
26666664
x0
x1
x2
x3
37777775 =
1
N
26666664
y0
y1
y2
y3
37777775 (2.7)
This equation can be rewritten as
1
N
A  x = 1
N
 y (2.8)
where A is the matrix consisting of IFFT algorithm values, x is the input
vector, y is the IFFT output vector per OFDM symbol and N is the number of
subcarrier. A further example illustrating the above matrix is discussed next.
Let us assume that our aim is to transmit four binary values [ 1 1   1   1]
on four subcarriers. Then, the matrix operation will be as follows:
1
4
26666664
1 1 1 1
1 j  1  j
1  1 1  1
1  j  1 j
37777775
26666664
 1
1
 1
 1
37777775 =
1
4
26666664
 2
2j
 2
 2j
37777775 (2.9)
Thus, there are four IFFT outputs that form one OFDM symbol. If eight
binary values are generated, the IFFT part should have [8x8] matrix with [8x1]
output matrix. The N point IFFT corresponding to the number of subcarriers
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will generate one OFDM symbol. For example, the [8x1] input matrix [1 1 1
-1 1 1 -1 1] will be processed to produce an OFDM symbol yielding to [8x1]
output matrix. This is shown as follows [108]:
1
8
26666666666666666664
1 1 1 1 1 1 1 1
1 a j b  1 c  j d
1 j  1  j 1 j  1  j
1 b  j a  1 d j c
1  1 1  1 1  1 1  1
1 c j d  1 a  j b
1  j  1 j 1  j  1 j
1 d  j c  1 b j a
37777777777777777775
26666666666666666664
1
1
1
 1
1
1
 1
1
37777777777777777775
= 1
8
26666666666666666664
4
p
2(1 + a)
2 + 2j
 p2(1 + b)
0
 p2(1  b)
2  2j
p
2(1  a)
37777777777777777775
(2.10)
where a = 12
p
2(1+j), b = 12
p
2( 1+ j), c = 12
p
2( 1  j), d = 12
p
2(1  j),
a = j(
p
2  1) and b = j(
p
2 + 1).
After performing the IFFT, the OFDM signal is required to have a cyclic
extension followed by windowing to combat interchannel interference (ICI).
A proper windowing of OFDM signals is important to mitigate the eect of
frequency oset and to control the transmitted signal spectrum. Finally, the
calculated time domain signal is mixed with the required frequency in a RF
amplier component before being passed to the antenna for transmission. Note
that OFDM is a linear modulation technique which requires the amplier to
operate in its linear region which has low power eciency.
In the receiver path, the system basically performs the reverse operation
of the transmitter. The receiving antenna converts the electromagnetic signals
to electrical signals, then it demodulates the RF signal to an OFDM baseband
signal for processing to obtain the original signal. The amplitude and phase of
the subcarriers is then picked out and converted back to digital data within an
analog-to-digital converter. In reality, the interferences between OFDM sub-
carriers such as ICI caused by frequency oset and ISI caused by timing oset
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cannot be negligible. A proper windowing such as a raised-cosine windowing
can control ICI and ISI trade-o. In practical systems, a simple linear window-
ing approach is commonly taken to shape the spectrum, in order to eliminate
cyclic extension, the discrete time signals corresponding to the cyclic/guard in-
terval has to be removed. The IFFT and the FFT are complementary function
and the most appropriate term depends on whether the signal is being received
or generated, using the IFFT at the transmitter and FFT at the transmitter
corresponds to the idea that multicarrier signals at the transmitter are in the
frequency domain and IFFT is used to transform the frequency domain into a
time domain signal. Actually, the FFT and IFFT can be interchanged. With
respect to DSP, using FFT or IFFT will not make any dierence as long as
they are performed in pairs. For example, if the transmitter uses FFT, then
the receiver can use IFFT or vice versa. Then, the process continues about the
same as transmission but it is in reverse operations such as demapping QAM,
deinterleaving and decoding before returning to the original data.
2.6 Cyclic Prex
OFDM is a multicarrier transmission technique. A multipath propagation
causes multipath delay spread in which inter-symbol interference occurs. The
higher the ratio of the delay time over the time duration of transmission, the
worse the inter-symbol interference is. However, OFDM can deal with this
interference in an ecient way by using a guard time for each of its symbols.
In this case, to avoid interference between each OFDM symbols, the guard
time must be at least four times larger than the expected delay spread. A
typical OFDM block showing guard time, the eective OFDM symbol period
or the FFT/IFFT duration and the total OFDM symbol period is shown in
Fig. 2.7.
Consideration must be taken that the chosen duration of the guard time
must be optimum, otherwise, the OFDM transmission would have lost sub-
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Figure 2.7: A typical of perfect OFDM block showing the guard time (TCP ), the
eective OFDM symbol period or the FFT/IFFT duration (TF ) and the total OFDM
symbol period (TCP + TF ). TS1 is the rst OFDM symbol while TS2 is the second
OFDM symbol.
stantial power. The guard time should be assumed to be part of the signal so
that orthogonality can be achieved. In the case that there is no signal within
the guard time, the orthogonality cannot be satised in the presence of mul-
tipath components. This situation results in intercarrier interference (ICI) in
the form of crosstalk between dierent subcarriers.
Doppler spread in frequency is one example of a phenomenon that creates
crosstalk. When a transmitter and/or receiver is in motion, Doppler shifts
from dierent incoming waves cause Doppler spread, fd, to occur. For exam-
ple, a transmitting wave from a stationary transmitter such as Radio Base
Station (RBS) to a moving receiver such as a mobile phone located inside
an automobile causes Doppler spread, fd. The maximum Doppler shift (  or
  fc
c
) can be determined when the incoming wave from the RBS is in the
same direction as the automobile. In this case, fd =   fcc , where fc is the
received carrier frequency,  is the mobile speed and c is the speed of light.
The higher the speed of the mobile unit, the more Doppler spread. As a result,
the crosstalk becomes worse which mean that ICI increases. However, OFDM
can minimize ICI by using a cyclic extension in the guard time. By having
the cyclic extension, the delayed replicas of the OFDM symbol always have
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Figure 2.8: A diagram showing part of subcarrier 2 causing ICI on subcarrier 1
because of the delay time.
an integer number of cycles within the FFT interval provided that the guard
time is larger than the delay. This is illustrated in Fig. 2.9.
2.7 Peak-to-Average Power Ratio FFT-OFDM
PAPR is well known as one of the drawbacks that inevitably occur in FFT-
OFDM, hence, it is considered in this section in order to keep updating with
its current issue. According to [108], PAPR can substantially occur because
the OFDM signal is an addition of a number of independently modulated
subcarriers. When a number of N signals is added with the same phase, it
produces a peak power that is N time the average power. Due to PAPR
problem, the complexity of the analog-to-digital converter (ADC) and digital-
to-analog converter (DAC) is consequently increased and it also reduces the
RF power amplier eciency [108]. A well discussion of PAPR also can be
found in [21]. Some reduction or mitigation methods suggested by [21] are:
1. Clipping technique consisting of decision-aided reconstruction, oversam-
pling and frequency domain ltering and iterative estimation and can-
celing. This clipping technique is also being discussed by [108] with
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Figure 2.9: Orthogonality is preserved with cyclic extension is done for the guard
time. This will make sure that the guard time is larger than the multipath delay.
an additional discussion that the peak amplitudes can be reduced by
nonlinearly distorting the OFDM signal at or around them.
2. Amplitude alteration consisting of companding and complementary clip-
ping transform; pre-IFFT data alteration consisting of selective map-
ping, repeated random phasor transform, selective scrambling, partial
transmit sequence and dummy sequence insertion;
3. Coding consisting of parity-check coding, Rudin-Shapiro coding and
Golay complementary sequences and Reed-Mueller codes. [108] includes
the forward-error correcting code that excludes OFDM symbols with a
large PAPR.
It is interesting to note that the last point above is also discussed by [52].
However, Anwar et. al. suggest the reduction technique are for wavelet based
OFDM. One thing that we need to ask: Is the Fourier based OFDM oer the
best of reduction PAPR? In this case, many studies such as in [32], [97] and
[133] say that wavelet based has oered more advantage for PAPR reduction
than the conventional OFDM system because it does not require CP and has
more spectral containment. This will be further discussed at the end of next
chapter.
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2.8 Summary
Conventional frequency division multiplexing (FDM) system has the charac-
teristics of separation of subchannels, which is necessary, to avoid spectral
overlap of channels to eliminate interchannel interference. However, the avail-
able spectrum is not eciently being used. To cope with this problem, an
overlapping multicarrier modulation technique, such as OFDM, is used. In
order to make this possible, IFFT and FFT are used in the multiplexing of
transmitting and receiving OFDM data respectively. Thus, the IFFT and FFT
process and operation are discussed in this chapter. One important property
of an OFDM signal is orthogonality between subcarriers, thus, the concept of
orthogonality in Fourier based OFDM is also included. In order to maintain
the orthogonality, the cyclic prex has to be longer than the channel impulse
response. One of inevitable problem in OFDM system is PAPR. This problem
brings disadvantage to an OFDM system, thus, an overview of PAPR is also
discussed.
Chapter3
Wavelet Based OFDM
3.1 Introduction
Multi-Carrier Modulation (MCM) is a data transmission technique where the
data-stream is divided into several parallel bit streams, each at a lower bit
rate, and using these substreams to modulate several carriers. Orthogonal
Frequency Division Multiplexing or OFDM is a MCM scheme where the sub
carriers are orthogonal sine/cosine waves. The major drawback of such an
implementation is the rectangular window used, which creates high side lobes
[78]. Moreover, the pulse shaping function used to modulate each subcarrier
extends to innity in the frequency domain [134], this leads to high interference
and lower performance levels. The eect of wave-shaping of OFDM signals on
ISI and ICI is reported in [26]. In [27] the optimal wavelet is designed for
OFDM signals in order to minimize the total interference. The wavelet trans-
forms have longer basis functions and can oer a higher degree of side lobe
suppression [3]. With the promise of greater exibility and improved perfor-
mance against channel eects, wavelet based basis functions have emerged as
strong candidates for MCM in wireless channels. A modied block diagram of
the wavelet based OFDM for multicarrier communication system is shown in
Fig. 3.5. This block diagram has been modied and simplied from [78] and
[134].
Replacing the conventional Fourier-based complex exponential carriers of
35
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a multicarrier system with orthonormal wavelets is suggested in many stud-
ies [13], [88], [106], [118], these wavelets are derived from a multistage tree-
structured Haar and Daubechies orthonormal QMF bank and produce im-
proved performance with respect to the reduction of the power of ISI and ICI.
This work is extended in [137] by realizing a high-speed digital communication
system over low voltage powerline, with empirical investigations on a model
obtained from the measurements of a practical low-voltage power line commu-
nication channel, the authors rearm the eectiveness of wavelets for use in
OFDM systems, especially with regard to ISI and ICI mitigation . Another
real time application of the system is reported in [139]. According to this work,
the bit error rate (BER) performance of the wavelet based V-BLAST system
is superior to its Fourier based counterparts. In conventional systems, the ISI
and ICI are reduced by adding a guard interval (GI) using a cyclic prex (CP)
to the start of the OFDM symbol, adding a CP can largely reduce the spectrum
eciency. Wavelet based OFDM schemes do not require a CP, thereby enhanc-
ing the spectral eciency. Avoiding the CP gives Wavelet OFDM (WOFDM)
an advantage of roughly 20 percent in bandwidth eciency [97]. Moreover, as
pilot tones are not necessary for wavelet based OFDM systems they perform
better in comparison to existing OFDM systems like 802.1la or HiperLAN,
where 4 out of 52 sub-bands are used for pilots. This gives WOFDM another 8
percent advantage over typical OFDM implementations. Even though wavelet
can have many advantages, it is still has disadvantage in which it has high
calculation complexity. [74] shows that wavelet lter calculation Cw is given
by
Cw = 4N +Nlog2N (3.1)
where N is number of subcarriers. Wavelet lter performs higher complexity
than FFT but lower than DFT. Table 3.1 shows the calculation complexity of
DWT-OFDM using (3.1) as compared to FFT and DFT.
From Table 3.1, the calculation of wavelet lter requires 46:7% of percent-
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Table 3.1: Calculation Complexity between DFT, FFT and DWT.
Bits
OFDMSymbol
N DFT FFT DWT
1 2 4 2 10
2 4 16 8 24
3 8 64 24 56
4 16 256 64 128
5 32 1024 160 288
6 64 4096 384 640
7 128 16384 896 1408
8 256 65536 2048 3072
9 512 262144 4608 6656
10 1024 1048576 10240 14336
age error higher than FFT. However, DWT performs an ecient calculation
more than 10 times of DFT in average. Nevertheless, when discussing the
calculation complexity, one should relatively consider the computer processing
capability when performing a computer simulation.
Despite the advantage and disadvantage of wavelet OFDM, types of its
schemes are also discussed. According to [21], wavelet-OFDM or DWT-OFDM
consists of ve schemes. They are:
1. Fractal modulation, which is a type of diversity technique that transmit
the same symbol using dierent symbol lengths in dierent subbands.
Because of this feature, it is suitable for transmission over noisy channels
of simultaneously over unknown duration and bandwidth.
2. The second is multiscale wavelet modulation (MSM), which has nonuni-
form subbands or it uses dierent time durations for symbols in dier-
ent subchannels. Each OFDM symbol is shaped by a wavelet or scaling
function to ensure orthogonality. Its purpose is the same as Fourier
based OFDM, to overcome distortion caused by the frequency selec-
tive fading channel by having narrower subbands relative to the total
bandwidth.
3. The third scheme is wavelet pulse shaping PAM signals. This scheme is
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discussed in [80]. The purpose of this scheme is to improve bandwidth
eciency. This can be done by adding dyadic expansions to the mother
wavelet used as a pulse shaper.
4. The fourth is the wavelet packet modulation (WPM). This scheme is dis-
cussed in [51], [62], [126], [127], [130]. Using this scheme, transmitting
and receiving data are processed through synthesis and analysis ltering
operations based on the tree structure algorithm. In MATLAB, a spe-
cial built-in function, wptree with a syntax of T = wptree(o; ; xx; wv)
is used to invoke the structure. The parameter, o is the order number
depending on the input signal xx and the second parameter,  is the
number of level depending on the size of xx, and wv is the type of a
wavelet family.
5. The last one is the overlapped discrete wavelet multitone modulation
(DWMT). This scheme, which is based on the application of wavelet
lters with the baseband pulses for dierent data blocks overlap in time,
is discussed in [69], [70], [71], [118].
As mentioned in the previous chapter, the inverse and forward block trans-
forms are exible and can be substituted with FFT, DWT or Wavelet Packet
(WPT) transforms. We have discussed briey FFT-OFDM, thus, this chapter
describes wavelet based OFDM and is organised as follows. Description of
wavelet based OFDM principle is in section 3.2. The DWT- and WPT-OFDM
models and perfect reconstruction property are included in section 3.3 fol-
lowed by simulation results in section 3.4. In the last section, PAPR problem
in wavelet based OFDM is also discussed.
3.2 Wavelet OFDM Principles
A wavelet is normally assigned the variable  (t) it is a square-integrable func-
tion [21]. In other literature [14], it is also indicated by  (t)L2(R) where, L
is a Lebesque integral and 2 signies the integral of the square of the modulus
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of the function, and R denotes the real number for integration of the indepen-
dent variable t. In this section, we discuss two principles of wavelet transforms,
orthogonal and biorthogonal wavelets as follows.
3.2.1 Orthogonal Wavelets
The Fourier transform has exponential parts consisting of cosine and sine sig-
nal bases. These bases are orthogonal to each other. The wavelet transform
also has orthogonal bases. Its bases are low pass and high pass lters which
are associated with the scaling and wavelet functions respectively. Among
orthogonal wavelets are Daubechies, Coiets, Morlet and Meyer [86].
Orthogonal wavelet functions can be generated by scaling and shifting prop-
erties as follows [21]:
 ab(t) =
1p
2
 (
t  b
a
) (3.2)
where a and b are the scaling and shifting real parameter values. According to
[37], the wavelet transform is called continuous if a and b are continuous. The
drawbacks of a continuos wavelet transform are redundancy and impracticality.
To avoid these problems, those parameters have to be discretised as follows
[5], [21]:
a = am0
b = nb0a
m
0 (3.3)
where m and n indicates the exponential integers. From (3.2) and (3.3), the
basis of the DWT can be formed as
 mn(t) = a
 m
2
0  (a
 m
0 t  nb0) (3.4)
Using a0 = 2 and b0 = 1, we can have the signal function
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U(t) =
1X
n= 1
CL;n2
 L
2 (2 Lt  n)
+
LX
m=1
1X
n= 1
Dmn2
 m
2  (2 mt  n) (3.5)
where the scaling coecient CL;n is
CL;n = hU(t); L;n(t)i
= 2 
L
2
Z
U(t)(2 Lt  n)dt (3.6)
where L;n(t) = 2 L=2(2 Lt  n), and the wavelet coecient Dmn is
Dmn = hU(t);  mn(t)i
= 2 
L
2
Z
U(t) (2 Lt  n)dt (3.7)
In (3.5), the time domain signal U(t) is DWT transformed to scales in
which all the coecients are denoted as the scales [21]. U(t) can also be called
the nite resolution wavelet representation [5]. The sum of scaled (2t) can
make up the parent scaling function, and can be expressed as [14], [21]:
(t) =
p
2
X
n
hn(2t  n) (3.8)
where the coecients h(n) are a sequence of real or perhaps complex numbers
called the scaling function(or scaling vector or lter). The use of
p
2 is to
maintain the norm of the scaling function with the scale of 2. This scaling
function in (3.8) can also be used for the multiresolution analysis (MMRA)
[64]. A fundamental wavelet function can be expressed as a linear combination
of translates of the scaling function as follows [5], [21]:
Chapter 3. Wavelet Based OFDM 41
 (t) =
p
2
X
n
gn(2t  n) (3.9)
where the wavelet coecients gn are related to the scaling coecients hn by
g(n) = ( 1)nh1 n (3.10)
An example of the application of (3.8) is the Haar scaling function which
is given by [14] as follows:
H(t) = (2t) + (2t  1) (3.11)
It can be seen that (2t) can be used to construct H(t). It also can be noted
that (3.11) is the result of (3.8) for the rst 2 sequence of discrete samples of
n with coecients h(0) = 1p
2
, h(1) = 1p
2
[14]. Examples of Haar scaling and
wavelet functions are shown in Fig. 3.1.
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Figure 3.1: Haar (db1) scaling function (t) (left) and wavelet function  (t) (right).
The Haar wavelet can be categorised as an orthogonal wavelet. All Daubechies
wavelet families are categorised as orthogonal wavelets [86]. Another gure of
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a Daubechie wavelet such as db2 is shown in Fig. 3.2.
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Figure 3.2: db2 scaling function (t) (left) and wavelet function  (t) (right). Note
that this plot is similar to [36] p. 197 and [14] p. 81.
3.2.2 Biorthogonal Wavelets
Biorthogonal wavelets are dierent than orthogonal wavelets because they have
biorthogonal bases. Their bases have symmetric perfect reconstruction prop-
erties with compactly support. They also have two duality functions for each
scaling and wavelet functions which are  and ^ for the scaling lters, and
 and  ^ for the wavelet lters accordingly. In MATLAB, we have built-in
functions such as bior1.1, bior2.2 , bior5.5 , rbio1.1, rbio2.2 and rbio5.5. The
number next to the wavelet name refers to the length of the lter in the de-
composition and reconstruction lters respectively.
Biorthogonal wavelets can be constructed from orthogonal wavelets by con-
sidering the duality concept. Let (t) and ^(t) be two scaling functions and let
 (t) and  ^(t) be two wavelet functions, then we can express the biorthogonal
scaling and wavelet functions as follows [36], [107]:
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h(t); ^(t  n)i = n
h (t);  ^(t  k)i = k
h (t); ^(t  n)i = 0
h ^(t); (t  n)i = 0 (3.12)
where ^(t) =
p
2
P
n h^n^(2t n) and  ^(t) =
p
2
P
n h^n ^(2t n) with n and k
are the results of biorthogonal bases. The last two equations in (3.12) satisfy
the orthogonality properties. One advantage of using biorthogonal wavelets
is that the scaling and wavelet functions are symmetric due to the duality
concept [14], [36], therefore, biorthogonal wavelets provide an advantage over
orthogonal wavelets because they oer not only orthogonality but also symme-
try. In [104], comparing orthogonal transforms, biorthogonal transforms relax
some of the constraints on the mother wavelet(or lters) and allow the mother
wavelet to be symmetric and have linear phase. The plots of biorthogonal
scaling and wavelet functions are shown in Figs. 3.3 and 3.4.
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Figure 3.3: bior5.5 shows duality concept with two scaling functions, ^(t) (left) and
(t) (right). Note that this plot is similar to [36] p. 280.
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Figure 3.4: bior5.5 shows duality concept with two wavelet functions,  ^(t) (left)
and  (t) (right). Note that this plot is similar to [36] p. 280.
In wavelet OFDM, the binary data is processed by M-ary quadrature am-
plitude modulation (QAM) to map the raw binary data to appropriate QAM
symbols. The term M here means the number of binary inputs to the QAM
modulator. In the case of 4-QAM, M is equal to 2 bits. This allows four possi-
ble symbols to be transmitted in parallel in an OFDM channel for this type of
QAM. On the other hand, M is equal to 4 bits if 16-QAM is considered, where,
there are sixteen possible symbols that can be transmitted in parallel. These
symbols are then input into an inverse discrete wavelet transform (IDWT).
This involves taking N parallel streams of QAM symbols (N being the number
of sub-carriers used in the transmission of the data) and performing an IDWT
operation on this parallel stream. The IDWT operation acts as a synthesis
ltering in the transmitter while the DWT operation acts as an analysis lter
at the receiver respectively.
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3.3 System Model of Wavelet-Based OFDM
The wavelet transform blocks comprise of an inverse discrete wavelet transform
(IDWT) at the transmitter and a discrete wavelet transform (DWT) at the
receiver as shown in Fig. 3.5.
Figure 3.5: The system model of Wavelet based OFDM transceiver.
The IDWT and DWT blocks replace the IFFT and FFT blocks of Fourier
based OFDM in Fig. 2.3 in Chapter 2. There is also no CP blocks in the trans-
mitter or receiver. Due to the overlapping nature of wavelets, the wavelet-based
OFDM has higher spectral containment and therefore does not need a cyclic
prex to deal with the delay spreads of the channel [106], [118]. The DWT-
OFDM system model comprise of low pass lters (LPF) and high pass lters
(HPF) in order to perform wavelet operations, this platform has to satisfy the
orthonormal bases and perfect reconstruction properties. By assigning g as
LPF lter coecients and h as HPF lter coecients, the orthonormal bases
can be satised via four possible ways as follows [86]:
< g; g >= 1 (3.13)
< h; h >= 1 (3.14)
< g; h >= 0 (3.15)
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< h; g >= 0 (3.16)
where (3.13) or (3.14) is related to the normal property and (3.15) or (3.16) is
for orthogonal property accordingly. Both lters are assumed to have perfect
reconstruction property. This means that the input and output of the two l-
ters are expected to be the same. The g and h coecients perform convolution
process to perform as orthonormal wavelets, and can be expressed as follows
[12]:
i(n) = h

n
2i

 g

n
2i

 :::  g

n
2i j

 :::  g(n)
N 1(n) = g

n
2N 2

 g

n
2N 1

 :::  g

n
2i j

 :::  g(n) (3.17)
where (i   j) is a positive integer for i; j  0; 1; :::; N   2. The signal is
up-sampled and ltered by the LPF coecients to become approximated co-
ecients.
In wavelet-based OFDM, the same analysis using matched ltering is per-
formed except that the fk(t) and fi(t) in section 2.3 are replaced with Wk(t)
and Wi(t); Wk(t) being the wavelet carrier in the IDWT operation with k
sub-channels to match with carrier i. Thus, the received signal is as follows:
rW (t) = yW (t)  h(t) + n(t)
=
K 1X
k=0
dkW
0
k(t)
+
g 1X
l=0
K 1X
k=0
dk;lW
0
k(t  lk) + n(t) (3.18)
where K is the wavelet lter rank (sampling rate), W 0k(t) = Wk(t)  h(t), and
g (g > 1) is the wavelet genus so that Kg is the lter order (number of taps
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in that sub-band). After matched - ltering with carrier i, the signal becomes
hrW (t);Wi(t)i =
K 1X
k=0
dkhW 0k(t);Wi(t)i
+
gX
l=1
K 1X
k=0
dk;lhW 0k(t  lk);Wi(t  lk)i
+hn(t); fi(t)i
=
K 1X
k=0
dkk;0(0) + hn(t); fi(t)i
= dKi;i(0) +
K 1X
k=0
k 6=i
dkk;i(0)
+
gX
l=1
K 1X
k=0
k 6=i
dk;lk;i(l) + n
00(t) (3.19)
where dKi;i(0) is the recovered data with correlation term i;i(0). The second
term which is
PK 1
k=0;k 6=i dkk;i(0) is the interference due to the distorted lters
that are no longer orthogonal to one another with correlation terms k;i(0),
and
Pg
l=1
PK 1
k=0;k 6=i dk;lk;i(l) is the interference term with correlation k;i(l)
due to the overlapped nature of the wavelet transform. If the channel has no
distortion, only the rst and last terms would appear, which result that the
decoder would obtain almost the correct signal.
3.3.1 Discrete Wavelet Transform (DWT)
The transceiver of DWT-OFDM is shown in Fig. 3.6. In the top part, the
transmitter rst uses a digital modulator (i.e 16   QAM) which maps the
serial bits into symbols converting dk into Xm, which consists of N parallel
data stream Xm(i) where Xm(i)j0  i  N   1.
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Figure 3.6: An Inverse and Forward Discrete Wavelet Transform DWT-OFDM
model. The synthesis lters (transmitter part) are at the top and the analysis lters
(receiver part) are at the bottom.
The main task of the transmitter is to perform the discrete wavelet modu-
lation by constructing orthonormal wavelets. Each Xm(i) is rst converted to a
serial representation labelled as a vector xx which will next be transposed into
the vector labelled as CA. Then, the signal is up-sampled and ltered by the
LPF coecients or namely the approximation coecients. Since our aim is
to have low frequency signals, the modulated signals, xx, have a circular con-
volution performed with LPF lter whereas the HPF lter also performs the
convolution with zeroes padding the signals, CD, respectively. Note that the
HPF lter contains detail coecients or wavelet coecients. Dierent wavelet
families have dierent lter length and values of approximation and detail co-
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ecients. Both of these lters have to satisfy orthonormal bases in order to
operate as a wavelet transform. This means that they must be orthogonal
and normal to each other. By assigning g as LPF coecients and h as HPF
coecients, the orthonormal bases can be satised via four possible ways as
follows [86]:
< g; g >= 1 (3.20)
< h; h >= 1 (3.21)
< g; h >= 0 (3.22)
< h; g >= 0 (3.23)
where (3.20) or (3.21) is related to the normal property and (3.22) or (3.23)
is realted to the orthogonal property respectively. The commas and star sym-
bols in (3.20) to (3.23) are referring to the dot product and transposed vector
accordingly. Both lters are also assumed to have perfect reconstruction prop-
erty which means that the input and output of the two lters are expected to
be the same. A further discussion of this can be found in section 3.3.3. In the
transmitter block, the resultant signal is simulated using the MATLAB com-
mand [Xk] = idwt(CA;CD;wv) where wv is the type of wavelet family. On
the other hand, the reverse process is simulated using [ca; cd] = dwt(Uk; wv)
in the receiver. The resulting ca signal will be processed in the QAM demodu-
lator for data recovery, however, the cd signal is discarded because it does not
contain any useful information. One example of this block model is shown in
Fig. 3.7.
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Figure 3.7: An example of the processed signals of one symbol in DWT-OFDM
system using bior5.5. Part (a): DWT transmitter. Part (b): DWT receiver.
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3.3.2 Wavelet Packet Transform (WPT)
A wavelet packet transform (WPT) block can be illustrated as in Fig. 3.8. The
wavelet packet forming block can be simulated using the following MATLAB
command, T = wptree(2; 3; xx; wv). The purpose of this command is to create
the wavelet packet tree T to be processed in the reconstruction block of the
WPT.
Figure 3.8: Inverse and Forward Wavelet Packet Transform WPT-OFDM model.
The rst parameter 2 is the order number depending on the input signal xx.
The second parameter 3 is the level number which is dependent on the size of
the input data xx and lastly, wv is the wavelet family. The tree structure can be
found in Fig. 3.9. Furthering process to this implementation, the MATLAB
code Xk = wprec(T;wv) is invoked. The input signals of WPT block has
to be a wavelet packet tree, otherwise, the signal cannot be processed for
transmission. At the front end of the receiver, the signals Uk is received by the
system and processed by the WP forming block. Then the WPT decomposition
block is used before the data is processed by the QAM demodulator. Examples
of other WPT models can be found in [17] and [130]. An example of the signals
that are processed by this block model is shown in Fig. 3.10.
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Figure 3.9: WPT-OFDM: the tree structure.
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Figure 3.10: An example of the processed signals of one symbol in WPT-
OFDM system using bior5.5. Part (a): WPT transmitter. Part (b): WPT
receiver.
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3.3.3 Perfect Reconstruction
A simple block diagram showing the perfect reconstruction (PR) property
performed by a two-channel lter bank which is represented by the LPF and
HPF is shown in Fig. 3.11.
Figure 3.11: A two-channel lter bank illustrating a perfect reconstruction property
with the superscript number is referring to the steps.
To satisfy a perfect reconstruction operation, the output Yk(i) is expected
to be the same as Xk(i). With the exception of a time delay, the input can
be considered as Yk(i) = Xk(i n) where 1 can be substituted into n to describe
this simple task. The steps to perform the mathematical operation of PR can
be summarised as follows [86]:
1. Selecting the lter coecients for ga, i.e., a and b. Thus, ga = fa; bg.
2. ha is a reversed version of ga with every other value negated. Thus,
ha = fb; ag. If the system has 4 lter coecients with ga = fa; b; c; dg,
then ha = fd; c; b; ag.
3. hs is the reversed version of ga, thus hs = fb; ag.
4. gs is also a reversed version of ha, therefore gs = f a; bg.
The above steps can be rewritten as follows:
ga = fa; bg; ha = fb; ag; hs = fb; ag; gs = f a; bg (3.24)
Considering that the input with delay are applied to ha and ga in Fig. 3.11,
then the output of these lters are:
Zk(i) = b(Xk(i))  a(Xk(i 1)) (3.25)
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Wk(i) = a(Xk(i)) + b(Xk(i 1)) (3.26)
Considering also that Zk(i) and Wk(i) are delayed by 1, then i can be replaced
by (i-1) as follows
Zk(i 1) = a(Xk(i 1)) + b(Xk(i 2)) (3.27)
Wk(i 1) = b(Xk(i 1))  a(Xk(i 2)) (3.28)
The output Yk(i) can be written as:
Yk(i) = gsZk(i) + hsWk(i) (3.29)
or,
Yk(i) =  aZk(i) + bZk(i 1) + bWk(i) + aWk(i 1) (3.30)
Substituting equations (3.25), (3.26), (3.27) and (3.28) into (3.30) yields to
Yk(i) = 2(a
2 + b2)Xk(i 1) (3.31)
The output Yk(i) is the same as the input Xk(i) except that it is delayed by
1 if we substitute the coecient factor 2(a2 + b2) by 1. The PR condition is
satised.
3.4 Simulation Results
Simulation variables and their matrix values are shown in Table 3.2. The
number of samples for the subcarriers N is 64, and the number of samples for
the symbols, ns, is 1000. Due to computational complexity, the number of
samples per symbol were limited. With a larger number of samples, a greater
accuracy could be achieved. Other variables are listed according to their use as
in Figs. 2.3, 3.6 and 3.8. Note that FFT-OFDM is considered when the inverse
and forward transform blocks are replaced by IFFT and FFT in Fig. 2.3.
Fig. 3.12 shows the OFDM symbols in time domain for the three transform
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Table 3.2: Simulation variables and their matrix values.
FFT-OFDM DWT-OFDM WPT-OFDM
Variables Matrix Values Matrix Values Matrix Values
N 64 64 64
ns 1000 1000 1000
d (N  ns) 64 1000 64 1000 64 1000
Xm(N  ns) 64 1000 64 1000 64 1000
xx 1 64000 1 64000 1 64000
Xk 64000 1 128000 1 64000 1
Uk 64000 1 128000 1 64000 1
uu 1 64000 1 64000 1 64000
Um (N  ns) 64 1000 64 1000 64 1000
d
0
(N  ns) 64 1000 64 1000 64 1000
platforms. Some of the simulation parameters related to this gure are: the
OFDM symbol period To = 9 ms, the total simulation time t = 10  To = 90
ms, the sampling frequency fs = 71:11 kHz, the carriers spacing 4N = 1:11
kHz and the bandwidth B = 4N  64 = 71:11 kHz. All platforms used the
same parameters. It is interesting to see that the DWT-OFDM symbol is the
least mean of amplitude vectors as compared to others. This is due to the fact
that zero - padding was performed in the DWT (transmitter) system model.
As a result, most samples in the middle of its symbol are almost zero.
The DWT-OFDM performance can be observed from Fig. 3.13. The
biorthogonal, Reverse-biorthogonal and Daubechies wavelet families are com-
pared with FFT-OFDM. We have two parts in this gure since biorthogonal
and reverse-biorthogonal wavelets produce results opposite to each other. It is
shown that bior5.5 is superior among all in Fig. 3.13(a), it outperforms FFT
and Daubechies by about 2 dB, and bior3.3 by 8 dB at 0.001 BER. On the
other hand, Fig. 3.13(b) shows the result of using reverse-biorthogonal. The
wavelet family rbior3.3 shows the least error as compared to others. At BER
target of 0.001, it outperforms FFT and Daubechies by 4 dB, and rbior5.5 by 6
dB. It is also interesting to observe that all wavelets as well as FFT show simi-
lar results in Fig. 3.14. We use a level 3 wavelet decomposition and considered
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Figure 3.12: An OFDM symbol in Time domain for FFT-OFDM (Top), DWT-
OFDM (Middle) and WPT-OFDM(Bottom).
white Gaussian noise only. The result is likely to be dierent if we could apply
that to a higher level, however, this will make the system more complex and
consume a longer period of time. Comparing the last two gures, we can say
that Fig. 3.13 presents a better performance than that in Fig. 3.14. The rea-
son for this is simply because we are using DWT-OFDM with zero - padding
for the detail coecients as we have a low-frequency signal; also DWT-OFDM
satises orthonormal bases and perfect reconstruction properties. This leads
to a better BER performance.
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nal(db2 & db4) families
Figure 3.13: BER performance for DWT-OFDM.
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Figure 3.14: BER performance for WPT-OFDM.
3.5 Peak-to-Average Power Ratio DWT-OFDM
PAPR is well known as one of the drawbacks that inevitably occur not only
to FFT-OFDM but also to DWT-OFDM system. Some literatures have dis-
cussed the PAPR problem in wavelet OFDM. They also include methods of
PAPR reduction techniques. In [72], the reduction technique is introduced
by deploying wavelet packet pre-processing of the QAM symbols. Another
method is to use wavelet packet tree which is pruned via joining and splitting
of terminal nodes to reduce PAPR [73]. This is specically done by using alter-
native mappings of data symbols onto dierent generated tree structures, and
the time domain sequence with the smallest PAPR is transmitted. However,
none of these two literatures mention about the type of wavelet family that
they use for the study. [127] discusses the type of wavelet families which are
Daubechies (Db1, Db4 and Db 6), and introduces the searching algorithm for
better wavelet packet tree structure. However, [127] did not include the com-
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parison of study with FFT-OFDM. The comparisons of study between wavelet
families and FFT-OFDM are done by [32]. For the future direction, a PAPR
reduction technique that use dierent QAM modulation with dierent wavelet
families and FFT-OFDM comparisons can be proposed. A further discussion
of this can be found in chapter 8.
3.6 Summary
This chapter presents the wavelet based OFDM. It begins with the principle
background, describes the DWT-OFDM model, includes orthogonality and
perfect reconstruction properties. The simulation approaches for DWT-OFDM
and WPT-OFDM as alternative substitutions for FFT-OFDM are described.
At some points, the details of the MATLAB commands regarding the DWT-
OFDM and WPT-OFDM platform models are also included. The results in
terms of BER performance are also obtained. The DWT-OFDM system is
shown to be superior to others, especially when the system uses bior5.5 or
rbior3.3 wavelet family. An overview of PAPR discussion in the last section
yields to the next current issue of wavelet based OFDM system that can be
performed for future direction of research discussed in section 9.2.
Chapter4
Circular and Square Quadrature
Amplitude Modulations
4.1 Introduction
The quadrature amplitude modulation (QAM) scheme is a useful modulation
technique in OFDM systems for achieving high data rate transmission. The
task of QAM can be viewed as follows, in the transmitter, the output data
of the OFDM generator is rst mapped onto complex representations or con-
stellation points by the QAM modulator. Each constellation point has a real
and imaginary component which represents amplitude and phase of the carrier
[48]. In the receiver, the bandpass signal will not be same as the output of the
transmitted block because of ISI due to multipath channel eects. The task
of the QAM demodulator is to recover the complex bandpass signal and hence
the original data.
Some popular types of M-ary QAM are 4-QAM, 16-QAM and 64-QAM.
The number of 4, 16 and 64 is corresponding to 22, 24 and 26. In these cases
the superscript numbers 2, 4 and 6 are the bit rate per OFDM symbol respec-
tively. Most of our simulations in this chapter use 16-QAM. One of the reasons
for this is to give intermediate results between 4-and 64-QAM. 16-QAM is also
considered one of the standard modulation schemes in OFDM applications
such as terrestrial Digital Video Broadcasting (DVB), Digital Audio Broad-
casting (DAB) and High Performance Radio LAN Version 2 (HIPERLAN/2)
61
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[108]. This chapter is organised as follows: the derivations of the signal con-
stellations for both square and circular 16-QAM are described in section 4.3,
the derivation of the closed form bit error rate (BER) of the circular 16-QAM
is also provided. Then, the results of the average power for the two modulation
schemes are determined in section 4.5.1 as well as the BER performances are
shown in section 4.5.2 and 4.5.3 respectively.
4.2 System Model of Wavelet-Based OFDM for
Circular 16-QAM
The wavelet transform blocks comprise of an inverse discrete wavelet transform
(IDWT) at the transmitter and a discrete wavelet transform (DWT) at the
receiver as shown in Fig. 4.1. As discussed in previous chapters, no cyclic prex
block is necessary in this type of system [100], [118]. The DWT-OFDM system
model comprise of low pass lters (LPF) and high pass lters (HPF), in order
to perform wavelet operations, this platform has to satisfy the orthonormal
bases and perfect reconstruction properties as discussed in chapter 3.
Figure 4.1: The system model of Wavelet based OFDM transceiver.
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4.3 Derivation of 16-QAM Constellation Points
A circular signal point constellation has been discussed in [48], however, this
case only covers for M = 8 constellations. While M = 16 can be inferred
as sub-optimal, we extend the work for an optimal circular 16 QAM. Before
we provide the work of circular 16-QAM, we will rst derive the conventional
square 16-QAM for the purpose of comparisons with the circular scheme in a
programming-like language environment.
To obtain the square 16-QAM constellation points, we rst dene the min-
imum distance (dm) between the two symbols, which is dm = 2d. With the
assumption that d = 1, then dm = 2. Let the number of circles be dened as S
and the amplitude level dene as R, this will give four circles associated with
three dierent amplitudes R1; R2; R2; R3 (note that R2 is repeated). Thus we
have S = 4 with 4 points on the rst circle with diameter R1, 8 points on the
second circle with diameter R2 and 4 points on the third circle with diameter
R3. The calculations for the amplitudes associated with the diameter of the
circles d = 1 are:
R1 =
p
d2 + d2 =
p
2 (4.1)
R2 =
p
d2 + (3d)2 =
p
10 (4.2)
R3 =
p
(3d)2 + (3d)2 =
p
18 (4.3)
By arranging (4.1), (4.2) and (4.3) in vector representation, we have:
V = d [R1 R2 R2 R3] (4.4)
Since every 4 points share one diameter, we repeat every amplitude 4 times.
Thus,
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v = V T  [1 1 1 1] (4.5)
and the amplitude vector Av for QAM representation will be,
Av = v
T (4.6)
where h:iT is a transpose vector. Next, we need to derive the rotating phase for
the constellation points. Let the rst, second and third phases be associated
with the circles R1, R2 and R3 be PS1, PS2 and PS3. Then, we have
PS1 = [eo    eo  + eo   eo] (4.7)
PS2 = [fo

2
  fo 
2
+ fo  + fo 3

2
  fo 3
2
+ fo   fo] (4.8)
PS3 = [go    go  + go   go] (4.9)
where eo = tan 1[1], fo = tan 1[13 ] and go = tan
 1[1] Rearranging (4.7), (4.8)
and (4.9) in vector representation yield to
PS = [PS1 PS2 PS3] (4.10)
By transposing vector PS, we have the phase vector Pv for QAM representation
as follows
Pv = (PS)
T (4.11)
Combining (4.6) and (4.11), the square 16-QAM (Ssq) is expressed as
Ssq = Avcos(Pv) + jAvsin(Pv) (4.12)
The next step is to derive our circular 16-QAM constellation points. In this
case, the number of circles and amplitudes as compared to the square 16-QAM
will be dierent. We have S = 4 with 4 points on all circles with dierent
diameters r1, r2, r3 and r4. The calculations for the amplitudes related to the
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diameter of the circles d = 1 are
r1 =
p
d2 + d2 =
p
2 (4.13)
r2 =
p
3d =
p
3 (4.14)
r3 =
p
(1 + r2)2 + 22   4  (1 + r2) [cos(Ph)] (4.15)
where Ph = 3 + Po and Po = tan
 1( 1
r2
)
r4 =
r
d2s + r
2
1   2 [ds] [r1] [cos(
Pp
2
+ Psi)] (4.16)
where ds =
p
(2d)2 + (2d)2   (8d) [cos(b)], b =    Pp, Pp =    3 ,  =
2   2Psi, Psi =    4   Po and Po = tan 1( 1r2 ). By rearranging (4.13),
(4.14),(4.15) and (4.16) in vector representation, we have
Vc = d [r1 1 + r2 r3 r4] (4.17)
Since every 4 points share one diameter, we repeat every amplitude 4 times.
Therefore
vc = (Vc)
T  [1 1 1 1] (4.18)
Hence the amplitude vector Avc for all amplitudes of QAM constellation points
will be
Avc = (vc)
T (4.19)
Subsequently we need to derive the rotating phase for the constellation points.
Thus,
Pc1 =

4
 [1 3 5 7 0 2 4 6]; (4.20)
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Pc2 = [ho h1 h2 h3] (4.21)
where ho = sin 1( 2r3 sin(ph)), h1 =    ho, h2 =  + ho and h3 =  ho
Pc3 = [go g1 g2 g3] (4.22)
where go = 4 + sin
 1(ds
r4
sin(Pp
2
+Psi)), g1 =   go, g2 = + go and g3 =  go.
Rearranging (4.20), (4.21) and (4.22) in vector representation, we obtain
Pc = [Pc1 Pc2 Pc3] (4.23)
where Pc has all angles of all constellation points. Combining the amplitude
Avc and the phase Pc, the nal equation for the circular 16-QAM (Scir) is
expressed as
Scir = Avccos(Pc) + jAvcsin(Pc) (4.24)
4.4 BER Analysis for Circular 16-QAM
Equation (4.24) can be generally rewritten as [48], [54]
Scir = Aicos(2fct) + jAjsin(2fct) (4.25)
where Ai and Aj are the real and imaginary components constituting the in-
phase and quadrature phase components and fc is the carrier frequency. The
steps to determine Pe dier between the square and circular when considering
the decision boundary. The diagram showing the decision boundaries for the
circular scheme is shown in Fig. 4.2. In this section, we avoid the discussion
of the probability of error derivation for the square scheme since it is available
in many of the literatures.
We develop the exact calculation of Pe based on [48], [54] and equation (6)
in [75]. From Fig. 4.2, we can observe that there are four types of boundary
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Figure 4.2: Signal-space diagram for circular 16-QAM.
regions. This boundary region theory is closely related to the denition of
general Gaussian problem in [65] of Gaussian pattern vectors for M -class. In
[65], decision regions in the observation space is given and the probability of
error for the decision rule is calculated in terms of the probability of being
correct. The general approach the probability of error can be expressed as
follows [65]
P (error) = 1  (
MX
j=1
P (correctjCj)P (Cj)) (4.26)
where C is the class abide by the Gaussian probability density function.
In our case, all regions are also assumed to comply with the probability
density function (pdf) in the direction of in-phase and quadrature components
as the Gaussian distribution and can be written as nI and nQ respectively.
The pdf associated with the decision boundaries is shown in Fig. C.2 [48]. Let
us derive the rst type of the boundary region. It is associated with the points
located on the inner most circle. The probability of a correct decision made
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by the receiver for Type I decision boundary in Fig. C.3 is written as
Pc1 =

1 

P (nI    d
2
) + P (nI  d
2
)



1 

P (nQ  d
2
) + P (nQ    d
2
)

=

1 

2Q(
d
2
)

1 

2Q(
d
2
)

(4.27)
where
Q(x) =
1p
2
Z 1
x
e
x2
2 dx
Since there are 4 points associated with the same decision boundary, the prob-
ability of error for type I becomes
Pe1 = 4

1  Pc1

= 4

1 

1  2Q( d
2
)
2
(4.28)
The next type is associated with the 2 points f5; 7g on the second circle from
the center. The boundary region is shown in Fig. C.4. The probability of a
correct decision is determined as follows
Pc2 =

1 

P (nI    d
2
) + P (nI    d
2
)



1 

P (nQ  0:232d

)

=

1  (Q( d
2
) +Q(
d
2
))

1 Q(0:232d

)

(4.29)
Then, the probability of error for Type II is given by
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Pe2 = 2

1  Pc2

= 2

1 

1  2Q( d
2
)

1 Q(0:232d

)

(4.30)
For Type III, there are six points f4; 6; 8; 9; 10; 11g located on the second and
third cirles. The decision boundary is shown in Fig. C.5. The probability of a
correct decision is given by
Pc3 =

1 

P (nQ  0:5d

) + P (nQ   0:5d

)



1 

P (nI   1:232d

)

=

1 

Q(
0:5d

) +Q(
0:5d

)

1 Q(1:232d

)

=

1  2Q(0:5d

)

1 Q(1:232d

)

(4.31)
From (4.31), we can write the probability of error for Type III as
Pe3 = 6

1  Pc3

= 6

1 

1  2Q(0:5d

)

1 Q(1:232d

)

(4.32)
For the outermost circle, or the four points f12; 13; 14; 15g. The decision
boundary is shown in Fig. C.6. The probability of a correct decision is given
by
Pc4 =

1  P (nI   0:232d

)

1  P (nQ   1:232d

)

=

1 Q(0:232d

)

1 Q(1:232d

)

(4.33)
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Then, the probability of error for Type IV is
Pe4 = 4

1  Pc4

= 4

1 

1 Q(0:232d

)

1 Q(1:232d

)

(4.34)
Combining the equations (4.28), (4.30), (4.32) and (4.34), the average proba-
bility of error for the circular 16-QAM scheme is expressed as follows
Pcir =
1
16


Pe1 + Pe2 + Pe3 + Pe4

=
1
16

4

1 

1  2Q( d
2
)
2
+2

1 

1  2Q( d
2
)

1 Q(0:232d

)

+6

1 

1  2Q(0:5d

)

1 Q(1:232d

)

+4

1 

1 Q(0:232d

)

1 Q(1:232d

)

(4.35)
After some manipulations, we have
Pcir =
1
8

8A(2  A  1
4
(B + 3C)) + 2B(
3
2
  C) + 5C

(4.36)
where A = Q(0:5d

) , B = Q(0:232d

) and C = Q(1:232d

). Using
d =
s
3 log2M  Eb
2(M   1) (4.37)
from [54] where M=16, and
 =
1
2
r
N0
5
(4.38)
A, B and C in (4.36) can also be written as
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A = Q(0:5())
B = Q(0:232())
C = Q(1:232()) (4.39)
where  = d

= 4
q
1
2
Eb
N0
. (4.36) can be expressed in terms of energy per bit
over noise density ratio (Eb
N0
) when the variables in (4.39) are substituted into
it. Simulation results for circular 16-QAM from (4.36) as well as for other
M-ary QAM are obtained and compared with the square scheme as shown in
Fig. 4.3. To simulate the square scheme, the analysis provided by (17) in [54]
is used, and is rewritten as follows
Psq =
p
M   1p
Mlog2(
p
M)
Q
s
3log2(
p
M)  Eb
2(M   1)N0

+
p
M   2p
Mlog2(
p
M)
Q
s
3log2(
p
M)  Eb
2(M   1)N0

(4.40)
From Fig. 4.3, it is shown that the circular 16-QAM slightly outperforms the
counterpart scheme at most SNR values. The exact BER analysis for other
circular M-ary is performed by changing the value of M in d =
q
3 log2M Eb
2(M 1) ,
and x  accordingly. When M is changed, the parameters A, B and C are
consequently aected. Then, they are substituted into (4.36).
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Figure 4.3: Exact BER of circular and square M-ary QAM.
Table 4.1 shows the summary of the arbitrary parameters due to varying
M . The results of the circular schemes are slightly better than the square
schemes in most SNR values. The simulation results also show that they met
the theoretical analysis.
Table 4.1: Summary of parameters for circular M -ary (M  16) QAM.
M = 4 M = 8 M = 16
d
p
Eb
q
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14
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q
5 Eb
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14
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Note: b=0.464, c=2.464 and Q() = erfc()
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Both modulation schemes, square and circular 16-QAM are further applied
to Fourier and wavelet based OFDM. This is discussed in sections 4.5.2 and
4.5.3.
4.5 Results and Discussions
We have divided the simulation results into three categories: comparisons
of the transmitted power, performance in Fourier OFDM and performance
in wavelet based OFDM. All sections include discussion for both square and
circular 16-QAM constellations. Table 4.2 illustrates the parameters used for
our simulations.
Table 4.2: Simulations' Parameters.
Parameters Fourier based Wavelet based
OFDM symbol To 1e-4 1e-4
Carrier spacing 1
To
11.11 kHz 11.11 kHz
Signal bandwidth Bw (Bw = fs = N  1To ) 7.11e5 7.11e5
Number of symbols Ns 10000 10000
Number of carriers N 64 64
Cyclic Prex length 16 0
Wavelet families - db, coif, bior, rbior
4.5.1 Transmitted Power Comparisons
Table 4.3 shows a summary of the average QAM power transmission for both
modulations with the same dm and equal probability of obtaining the correct
symbols between the transmitter and receiver. The calculation of the power
in Table 4.3 is considered using
Px = jSQAM j2 (4.41)
where SQAM can be replaced by Ssq in (4.12) or Scir in (4.24) respectively.
Since SQAM consists of real and imaginary components, the absolute value has
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to be considered. Px will obtain a single numerical mean because (4.41) gives
an average of the constellation points in a vector form.
Table 4.3: Summary of the average QAM power.
Circular 16-QAM Square 16-QAM
Minimum distance, dm 2 2
Average QAM power, Px 9.4641 10
As shown in Table 4.3, the circular 16-QAM consumes less power for a
similar dm by 0:5359 W or  2:71 dB. Since the power is less, the bit error rate
(BER) for the circular 16-QAM constellation has a better performance than
the square 16-QAM constellation. This result will be further discussed in the
next sections. Fig. 4.4 and Fig. 4.5 are the simulation results of square and
circular 16-QAM constellation points for the transmitted and received signals
respectively. In an ideal situation there would be no errors in the received
signals, however, this is not happening in reality. In this particular case, the
received OFDM symbols had errors due to additive white Gaussian noise.
This is shown by the blue dots spread around the green dots referring to the
incorrect decisions made by the receiver.
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Figure 4.4: Square 16-QAM constellation signals. The green dots are referring to
the transmitted symbols while the blue dots are referring to the received symbols.
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Figure 4.5: Circular 16-QAM constellation signals. The green dots are referring to
the transmitted symbols while the blue dots are referring to the received symbols.
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4.5.2 Performance in Fourier Based OFDM
Both modulation schemes are applied to Fourier based OFDM with a dierent
number of subcarriers N ranging from 32 to 256. From Fig. 4.6, it can be
observed that the circular constellation has performed slightly better than the
square, at any particular BER, the circular 16-QAM has out-performed the
square by about 1 dB. Our result is correct since the transmitted power for a
circular constellation is less than the square constellation. It is interesting to
note that the sidelobes of the frequency spectrum become closer to each other
as the number of subcarriers increases [108]. This is also the reason for having
less errors in performance within dierent numbers of subcarriers.
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Figure 4.6: BER performance for circular and square 16-QAM in Fourier Based
OFDM system using dierent subcarriers N .
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4.5.3 Performance in Wavelet Based OFDM
To simulate the system using wavelet based OFDM, we need to choose the
wavelet families satisfying the discrete transform's property since we are us-
ing IDWT and DWT as specied in Matlab's Wavelet Toolbox. The wavelet
families that satises these properties are Daubechies, Coiets, Biorthogonal
and Reverse-Biorthogonal. The results obtained are shown in Figs. 4.7 to
4.10. Overall, the circular 16-QAM constellation has shown slightly better
BER performance than the square. Our expectation is correct since the aver-
age QAM power of the circular constellation signal is less. The circular scheme
for Daubechies and Coiets' families for the lter length of 3 to 5 respectively
is slightly better by about 1 dB at any particular SNR values as shown in
Figs. 4.7 and 4.8 accordingly. In addition, the results of Biorthogonal and
Reverse-Biorthogonal families are shown in Figs. 4.9 and 4.10. These families
obtain slightly less errors when using the circular scheme as compared to when
using the square scheme. For example, referring to Fig. 4.9, bior3.3 using
circular scheme has less error about 0.01 at SNR of 8 dB. It is also interesting
to observe that the reverse-biorthogonal family results are the opposite of the
biorthogonal family as shown in Fig. 4.10.
Chapter 4. Circular and Square Quadrature Amplitude Modulations 78
0 5 10 15 20 25
10−3
10−2
10−1
100
SNR per bit, or EbN0 in dB
Bi
t E
rro
r R
at
e
db3: Circular 16−QAM
db3: Square 16−QAM
db4: Circular 16−QAM
db4: Square 16−QAM
db5: Circular 16−QAM
db5: Square 16−QAM
Figure 4.7: BER performance for circular and square 16-QAM in wavelet based
OFDM system using Daubechies.
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Figure 4.8: BER performance for circular and square 16-QAM in wavelet based
OFDM system using Coiets.
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Figure 4.9: BER performance for circular and square 16-QAM in wavelet based
OFDM system using Biorthogonal.
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Figure 4.10: BER performance for circular and square 16-QAM in wavelet based
OFDM system using Reverse-Biorthogonal.
Chapter 4. Circular and Square Quadrature Amplitude Modulations 80
4.6 Summary
A new approach of closed form BER expression for the circular 16-QAM con-
stellation was derived. The work has been applied to Fourier and wavelet based
OFDM systems to compare the two modulation schemes. The average QAM
power of the circular 16-QAM is less as compared to the counterpart scheme.
In Fourier based OFDM system, the circular scheme showed slightly better
BER performance than the square scheme using dierent number of subcarri-
ers. The results were also obtained for the wavelet based OFDM system using
dierent wavelet families. The error rates showed that the circular 16-QAM
was also slightly better compared to the square 16-QAM.
Chapter5
Narrowband Interference Models and
Mitigation Techniques
5.1 Introduction
Interferences can be categorised as narrowband and broadband [96]. This
classication can be best described by the sources from where it comes from.
Sources of narrowband interference potentially come from other sources with
frequency bands below 5MHz [119]. The sources of narrowband interference
are produced from intentional transmissions such as radio and TV stations,
pager transmitters, and cell phones [96]. [2] indicates the sources are from
other unlicensed systems such cordless phones, remote controlled of a garage
and baby monitors that share with OFDM spectrum. On the other hand,
broadband interference is caused by the devices with a rich harmonic content
which interferes over a very broad spectrum, due to this characteristics, the
interference spectra is embedded within almost every subcarrier in an OFDM
symbol [96]. Because of this characteristic, the receiver will be less eective to
lter the interference. Therefore, this dissertation focusses mainly on mitigat-
ing the narrowband interference. The broadband interference mitigation may
be left for future research.
In the literature, there is considerable amount of work regarding narrow-
band interference (NBI) in Ultra-Wideband (UWB) system, and, OFDM sys-
tem is a part of UWB. Because a UWB system ranges in a very wide frequency
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band, the NBI may reside within the same band. This NBI may exist at close
to the center frequency of any channel of a frequency band. If the power level of
the interference higher than the average power level of UWB system, the side
lobes of the sinc function of the interference may signicantly aect to adjacent
frequencies. For example, the UWB system which is assigned the frequency
band of 3.1 GHz to 10.6 GHz by the Federal Communications Unions (FCC)
has coexisted interferer from an IEEE 802.11a system [81]. This NBI may ex-
ist at close to the center frequency of any channel between 5.15 to 5.825 GHz
bands, and, it is assumed that it has higher power levels than UWB system.
In this chapter, the NBI models and mitigation techniques are discussed.
The narrowband interference eect is studied and its parameters such as the
amplitude, frequency, and phase are discussed to observe the interference char-
acteristics. By investigating these parameters or the interference characteris-
tics, the interference can be estimated using a simple mitigation technique.
This leads to the proposed suppression algorithm which is discussed in details
in next chapter.
This chapter also includes the previous works of mitigation techniques. Var-
ious types of mitigation techniques have been introduced in much literatures.
Interference suppression for OFDM using pre-coding has been proposed in [22],
[16], [77], spread spectrum OFDM [110], [23], post-detection receiver involv-
ing equalizers and windowing technique [119]. Other literature reports NBI
mitigation techniques for spread spectrum systems [63], [113], [47], including
excision-based methods [92], [84], [41], [118]. There are much literatures about
interference suppressions, therefore, they can be categorised into three major
types; frequency domain cancelation, excision ltering and receiver windowing
technique. These types will be discussed in section 5.4.
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5.2 System Models
The system model for OFDM system consists of a received signal with an
additive white Gaussian noise and narrowband interference at the front OFDM
receiver [2], [19], [140]. In general, the system model is shown in Fig. 5.1.
Figure 5.1: The system model showing the presence of NBI component.
The received signal, r(t) can be expressed as follows [2], [19], [140]:
r(t) = h(t)  y(t) + i(t) + n(t) (5.1)
where h(t) is the channel impulse response, y(t) is the transmitted signal in
discrete time domain, i(t) is the narrowband interference and n(t) is an additive
white Gaussian noise. [19] presents the narrowband interference by modeling
i(t) = d(t)ej!ct+ where d(t) is the message signal, !c is the carrier frequency
and  is the phase angle. The details about this model will be discussed in next
section. Equation (5.1) can also be expressed by having a discrete frequency
domain representation after FFT operation as following
Rk = HkYk + Ik +Nk (5.2)
The signals in (5.1) are time domain, whereas, the signals in (5.2) are frequency
domain. The convolution between the channel impulse and the transmitted
signal in the time domain is a multiplication between those two signals in the
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frequency domain. The research in [19] is aiming to estimate the narrowband
interference by subtracting to the left and right of equation (5.2) as following:
Rk   I 0k = HkYk + (Ik   I 0k) +Nk (5.3)
where I 0k is the estimated narrowband interference.
Another system model is introduced by [2]. He models the interference in
dierent way compared to [19] by introducing the sampled period into the sys-
tem with time, frequency and phase osets to indicate the channel dispersion.
The model is presented as follows
rn = h( ;nT )  y(nT   s)e j[2f(nT s)+] +
NX
i=1
bie
 j[2finT+i] + n(nT ) (5.4)
The channel response h( ;nT ) having fading channel by indicating time dis-
persion  with sample index nT , convolved with the transmitted signal y(nT )
which had time oset s, frequency oset f and phase oset . The second
term in equation (5.4) is the narrowband interference and this will be further
discussed in next section. The last term is the additive white Gaussian noise.
The other dierent system model can be reviewed in [140]. This model
indicates the channel dispersion with the sum of complex amplitude k for
any kth path in the channel impulse response as given by
h() =
L 1X
k=0
k(   k) (5.5)
5.3 Narrowband Interference Models
The narrowband interference models in OFDM systems have been discussed
in much literatures. By performing the study of the narrowband interfer-
ence model and estimating it at the receiver, analysis and simulation can be
less complexity because the NBI parameters such as amplitude, frequency
and phases are dened and identied before a process of mitigation is per-
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formed. Some literatures include the models (for example, [19]; [2] ; [81];
[119]), whereas, others did not (for example, [66]; [110]).
Zhang et al. present the narrowband interference i(t) by modeling [19]
i(t) = d(t)e(j!ct+) =
qX
i=0
Pig(t  i  Td)e(j!ct+) (5.6)
where !c is the carrier frequency with initial phase  and d(t) is a narrowband
signal with time domain response of a narrowband lter g(t) having symbol
duration Td and the instantaneous symbol value Pi. The constraint of the q
value based on the bandwidth, frequency sampling and subcarrier is concerned
because it specify the number of sinusoidal pulse representing the interferer.
The matrix calculation to obtain the relationship between i and p in frequency
domain before applying the subtraction to estimate the interference in (5.3) is
also been demonstrated.
Another study about the model is in [2] and is rewritten as follows
Ik;i =
L 1X
n=0
bie
 j[2finT+i]e j2k
n
L = bi	k(fi; i) (5.7)
where
	k(fi; i) = e
 j[(L 1)( k
L
+fiT )+i]
sin L( k
L
+ fiT )
sin ( k
L
+ fiT )
(5.8)
where L is the number of point of discrete Fourier transform being processed,
and 	k(fi; i) is the circular sinc function sampled at the centre of the interferer
frequency. bi, fi and i are the amplitude, phase and frequency of ith of N
demodulated narrowband interferers respectively. Note that 	k(fi; i) has fi
and i to indicate the frequency and phase eects of the multipath channel for
the ith narrowband interferer.
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5.4 Mitigation Techniques
Mitigation techniques are tools that are necessary to suppress narrowband in-
terference (NBI) in OFDM systems. In this section, mitigation techniques can
be divided generally into three categories [1]; frequency domain cancellation,
receiver windowing and excision ltering. Examples of the previous works are
discussed in this section followed by the proposed mitigation technique in the
next section and chapter.
5.4.1 Frequency Domain Cancelation
Work in [19] performs an estimation of NBI based on the transmitted data
and measures it on certain unmodulated subcarriers, then, the subtraction of
the estimated disturbance is done in the frequency domain. This is done by
introducing the amplitude of the interference which has time varying function
based on the sinc function lter to mitigate NBI. The maximum likelihood
estimation and narrowband lter with sinc function are determined. Using
16-QAM modulation, the performance analysis is further determined by com-
paring the ratio of bandwidth of NBI with the overall bandwidth of OFDM
signal. The simulation result can be improved if the study performs a compar-
ative analysis of bit error probability for signal noise ratio per bit for dierent
type of modulations.
[105] developes a mitigation technique based on linear minimum mean-
square error (LMMSE) which can estimate the spectral leakage by measuring
the NBI on a few OFDM subcarriers close to its centre frequency. Using the
model of the NBI power spectral density (PSD) as a priori information and the
optimal rank reduction to reduce the complexity of the technique, the perfor-
mance analysis is quite good. This technique uses a model of the NB signal's
power spectral density as a priori information. Using a frequency invariant
design it is possible to cancel NBI from signals whose frequency locations
are changing with signicantly reduced complexity overhead. The operational
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complexity of the canceler can be lowered by using the theory of optimal rank
reduction and using the time-bandwidth product of the narrowband (NB) sig-
nal. Compared to [19], the work is more complex and longer duration of
simulation because it requires priori information and rank reduction method
locating the NBI frequency. Work in [19] only requires maximum likelihood
estimation and ltering the NBI with sinc function.
5.4.2 Excision Filtering
An interference suppression technique based on excision (notch) ltering is
proposed in [2]. This work is presented to estimate the NBI carrier frequency
without the estimation of amplitude and phase [2]. Using signal constella-
tions such as BPSK, the study compares the results under three conditions;
when there is interference, when the interference is suppressed by applying
his proposed technique and when there is no interference. The obtained re-
sults showed an improvement when applying this method. However, the work
has limitation in terms of modulation technique since [2] considers only BPSK.
The study could have been more variations when considering other modulation
scheme such as 4-QAM or 16-QAM.
Another work, which can be categorised as an excision ltering, is the
prediction-error lter (PEF) introduced by [1]. The PEF acts an erasure in-
sertion mechanism by inserting erasures via a notch around the tones closest
to the interference, while leaving the surrounding tones unaected. The study
has included the work into two conditions; uncoded and coded cases. In the
uncoded case, the PEF is shown to mitigate the interference, however, the
performance is limited by an irreducible error oor due to the data subcar-
riers that are notched out. In the coded case, the coding provides a way for
recovering the removed subcarriers. This method also has some weakness in
terms of number of taps that are required for an optimum NBI suppression,
and algorithm complexity due to ltering processing in time domain especially
before removal the cyclic prex at the front receiver.
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5.4.3 Receiver Windowing Technique
One example of a receiver windowing mitigation technique can be found in
[119]. The use of windowing techniques such as time and frequency windowing
techniques are discussed to suppress the interference. A time windowing block
is placed before the FFT in the receiver, whereas, a frequency windowing
block is performed after the FFT. Time windowing is performed when the
received signal is multiplied sample by sample with the window coecients per
symbol duration. Windowing can be implemented equivalently in the time or
frequency-domains depending on the window type, computational constraints
and convenience of implementation [119]. The goal of the receiver windowing
is to enable suppression of the side-lobes of the DFT frequency response and
consequently obtain a better performance against crosstalk and NBI while
keeping the transmitter unchanged [119]. Frequency windowing is less complex
and easier to implement since it deals with the signal in the frequency domain
after FFT operation and locating the NBI frequency.
Another example is the work presented in [4]. The technique introduced by
[4] uses the receiver windowing samples from the cyclic prex to construct a
window which eects the noise component of the received signal without eect-
ing the data component. The result is that the noise is convolved in frequency
with a window which has lower sidelobes than the sinc-like function, which
limits the spreading to neighboring subchannels. The study proposes a design
algorithm which minimizes the noise power of the demodulated multicarrier
signal for DMT system including an OFDM signal. Simulations demonstrate
the eectiveness of the windows on a variety of dierent channels and noise
sources. The shape of the designed window is adapted for the observed channel
and noise conditions to minimize the mean square error of the equalized signal
in the frequency-domain. It is interesting to study this technique because it
requires cyclic prex constructing the window. However, this study does not
aware about NBI power level contaminated in the spreading noise. The re-
ceiver windowing has been proposed as a computationally ecient technique
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for reducing noise spreading, but, it does not consider when NBI presence with
high level of power than that of an OFDM spectrum and background noise.
5.4.4 Other Techniques
Other suppression technique is presented by [16]. The study, namely called in-
terference suppression(IS)-OFDM, encodes each transmitted symbol in all fre-
quency bins. Each frequency bin will contain all the transmitted symbols which
are distinguished and separated from each other by orthogonal Hadamard se-
quences. The IS-OFDM can provide a point-to-point wireless link without
spreading the incoming data rate.
A method of compensating for the interference signal is also introduced
by [110]. This work incorporates a variation of a frequency hopping spread
spectrum technique that spreads the interference signal and an additive sinu-
soidal interference signal. A spread spectrum technique is selected to perform
this mitigation technique over other methods (i.e an equaliser) because the
sub-channels required are very narrow with an addition that it simplies the
acquisition algorithm.
5.5 Summary
All discussions in this chapter are the overview from other works about nar-
rowband interference in terms of the system models, the NBI models and miti-
gation techniques. However, previous studies are not aware of other alternative
platform of OFDM system which is wavelet based OFDM. Therefore, an inter-
ference cancelation algorithm has been proposed to work for both platforms.
This mitigation technique is discussed in the next chapter.
Chapter6
The Proposed Interference Cancelation
Algorithm
6.1 Introduction
Literatures about mitigation techniques in the previous chapter are related to
the conventional OFDM system without considering DWT-OFDM. Our ap-
proach is also to consider interference suppression in wavelet-based OFDM,
therefore, we propose an interference cancelation algorithm (ICA) that can be
implemented in both Fourier and wavelet-based OFDM systems. To develop
and design the proposed mitigation technique, a simple model of NBI, a si-
nusoidal signal, is considered. A sinusoidal interference which is an unknown
signal component is considered to aect both OFDM systems. An interference
cancelation algorithm (ICA) is developed to minimise or mitigate that un-
known signal. For this problem of study, we propose two situations; an ideal
case where the received signal is mixed with a known interference signal, and
a non-ideal case where the received signal is contaminated with an unknown
interference signal. The reason of having these two cases is to follow the guide
lines by [129] about the performance evaluation requiring the test observation
(non-ideal) and comparing to the desired observation (ideal). Performance re-
sults are obtained to observe both cases. This chapter is organised as follows.
The proposed NBI model and the NBI eects using that model are presented
in sections 6.2 and 6.3 respectively. The system model for the ICA, followed
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by the description of it in both OFDM schemes are discussed in sections 6.5
and 6.5. Then, performances of BER results are obtained at the end of this
chapter considering both cases, ideal and non-ideal.
6.2 The Proposed Model
The baseband signal component, i(n) can be modeled as follows:
i(n) = A sin(2f
n
N
+ ) (6.1)
where A, f and  are the amplitude, frequency and phase of the signal respec-
tively, and the discrete-time signal i(n) has n samples with N sub-carriers. The
model in equation 6.3 is relatively simple and requires little complex mathe-
matics to extract and minimize the interference signal. Previously, a very
similar model was used in [49], [68], and [125]. The work in [68], however,
included multiple parameters indicated by the subscript i in Ai, fi and i and
there was no indication that this model was used for OFDM systems. On
the other hand, in [49] the similar model was used without parameter  for a
direct-sequence spread spectrum system. A similar model as in (6.1) is used
in [125] but it was also no indication for OFDM systems as well.
6.3 NBI Eect using the Proposed Model
As shown in Fig.5.1, the system block diagram shows the eect of NBI. The
received OFDM signals, , r(t) , is the results of the transmitted OFDM signal
y(t) together with AWGN, n(t) and NBI, i(t). In this proposed system, we
assume that the NBI is a single sinusoidal signal and it is uncorrelated to
AWGN and OFDM signal. The NBI model is discussed in the previous section.
The simulation plots showing this eect can be found in Figs. 6.1, 6.2 and 6.3
respectively. When there is NBI presence, the receiver decodes incorrectly the
received bit due to the NBI parameters such as its frequency that osets the
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Figure 6.1: NBI eect when the system use 4-QAM.
carrier frequency, and its phase. This condition becomes worst when the power
level of NBI is higher than the transmitted average power of the OFDM signal
and the background noise power. The BER as a function of SNR to observe the
performance of the OFDM system with the eect of the NBI presence is shown
in Fig. 6.4. It is shown that the OFDM system of BER performance becomes
degraded when NBI is present for 4-QAM, 16-QAM and 64-QAM modulation
schemes. Specically, the performance is degraded because the OFDM system
required 6 dB of SNR per bit to achieve about 0.04 of BER using 4-QAM.
However, the performance is better when NBI is absent because it required
less SNR per bit, about 2 dB to achieve the same BER target, which is 0.04,
using the same modulation system.
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Figure 6.2: NBI eect when the system use 16-QAM.
−5 0 5
−5
0
5
(a) Received Signal: NBI Absence
real(r)
im
ag
(r)
−5 0 5
−5
0
5
(b) Received Signal corrupted by NBI
real(r)
im
ag
(r)
Figure 6.3: NBI eect when the system use 64-QAM.
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Figure 6.4: BER performance due to NBI eects in dierent QAM schemes.
6.4 System Model with ICA
A typical OFDM transmitter was discussed in Sections 2.3 and 3.3. In this
chapter, we also include an ICA component before the signal is processed by
the FFT/DWT block. This is shown in Fig. 6.5.
Figure 6.5: A Typical model of an OFDM transceiver with an insertion on the
proposed ICA [56].
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A discrete-time domain baseband signal at the front-end of the receiver can
be modeled as follows:
y(n) = r(n) + g(n) + i(n) (6.2)
where y(n) is the received OFDM signal in the discrete time domain and
consists of the OFDM transmitted signal r(n) corrupted with additive white
Gaussian noise g(n) and an unwanted sinusoidal signal, i(n). Note that g(n)
is used in (6.2) instead of n(n) to avoid confusion term in other equations
representing discrete time signal. We assume that the sinusoidal signal, i(n),
is the dominant part that corrupts the OFDM signal. The baseband signal
component, i(n), is modeled as follows:
i(n) = A sin(2f
n
N
+ ) (6.3)
where A, f and  are the amplitude, frequency and phase of the signal respec-
tively, and the discrete-time signal i(n) has n samples with N sub-carriers.
The model in equation (6.3) is relatively simple and requires little complex
mathematics to extract and minimize the interference signal. Previously, a
very similar model was used in [49], [68], and [125]. The work in [68], however,
included multiple parameters indicated by the subscript i in Ai, fi and i and
there was no indication that this model was used for OFDM systems. On
the other hand, in [49] the similar model was used without parameter  for a
direct-sequence spread spectrum system. A similar model as in (6.3) is used
in [125] but it was also no indication for OFDM systems as well.
6.5 The ICA in Fourier-Based andWavelet-Based
OFDM
When the system receives the signal, y(n), all three components in (6.2) are
serial signals. If Fourier-based OFDM is implemented then the signal will also
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comprise of a Cyclic Prex (CP) which will inevitably need to be removed
before further processing [55], [88], [118].
At this point the serial data is passed into the ICA block where the main
task is to isolate the unknown signal component, i(n), corrupting the data
stream. A ow-chart of the proposed ICA algorithm used in this work is
detailed in Fig. 6.6.
Before the ICA can perform the task of detecting the unknown signal com-
ponent, all the variables such as the length of the test signal, k, the error
signal, e, the error squared, e2 and the mean-squared error, E have to be ini-
tialized. Next the ICA will call the testing signals consisting of the estimating
parameters bA, bf and b as follows:
bitest(n) = [ bAtest]sin(2[ bftest] n
N
+ [btest]) (6.4)
where bAtest = [ bAk=1:K ], bftest = [ bfk=1:K ] and btest = [bk=1:K ], and K is chosen
to have an odd number greater or equal to 3. For a better understanding, we
can further describe the process by expanding (6.4) as follows:
bitest(n) = [ bAest 2 bA1; bA2; :::; bAK ]sin(2[ bftest] n
N
+ [btest]) (6.5)
where bAest is the desired amplitude estimated by bAtest. After the processing
and detection in (6.5), the ICA will continue to detect the frequency, the
equation will then be updated to:
bitest(n) = [ bAest]sin(2[ bfest 2 bf1; bf2; :::; bfK ] n
N
+ [btest]) (6.6)
where bfest is the desired frequency estimated by bftest.
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Figure 6.6: The proposed Interference Cancelation Algorithm (ICA).
Next the ICA will update the task to get the estimations bAest and bfest , it
will then proceed to estimate the last parameter, best. We will then have the
following equation:
bitest(n) = [ bAest]sin(2[ bfest] n
N
+ [best 2 b1; b2; :::; bK ]) (6.7)
The ICA will nalize the estimated interference signal having all estimated
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parameters as follows
bitest(n) = [ bAest]sin(2[ bfest] n
N
+ [best]) (6.8)
Sections 6.5.1 and 6.5.2 will describe how the ICA takes dierent steps to
obtain (6.8) for both ideal and non-ideal cases.
6.5.1 Ideal Case
The ideal case occurs when the interference model i(n) in equation (6.3) is used
to subtract the testing signals. The purpose of this is to obtain a reference
measurement to evaluate the performance of the ICA in a practical situation.
The result of the subtraction of (6.3) and (6.5) will be:
be(n) = i(n) bitest(n) (6.9)
Note that (6.9) obeys the Bayes performance measure as indicated in [65].
Equation (6.9) can also be expressed as
be(n) = [A  bAtest]sin(2[ bftest] n
N
+ [btest]) (6.10)
be(n) = [A  bAest 2 ]sin(2[ bftest] n
N
+ [btest]) (6.11)
where  = [hA  bA1i; hA  bA2i; :::; hA  bAKi]. Taking the mean square error
of (6.11) yields:
E[be2(n)] = f 0; if A= bAest
"; if A 6= bAest (6.12)
where " is the residue of the subtraction in (6.11).
Referring to Fig. 6.6 it can be seen that the ICA is a mostly iterative
algorithm that continues to loop while E = ", as soon as the case occurs
where E = 0 the ICA will stop the loop and store the result of the amplitude
parameter estimation bAest, it will then look for the next desired parameter to
be estimated and this, in turn, will re-initialise the loop. This same process
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will be repeated to estimate all the desired parameters in the signal.
At the end of the algorithm bAest, bfest and best will be detected and stored.
The results will then be passed into the demodulation block and a nal error
is calculated.
6.5.2 Non-Ideal Case
For the non-ideal case, we consider y(n) (a received OFDM signal with cyclic
prex removed) as the input to the ICA. The reason it is called non-ideal is
because it uses the received signal as the input to the ICA instead of i(n). This
is again illustrated in Fig. 6.6. In this non-ideal case, the equations from (6.4)
to (6.8) are repeated as previously described, however, (6.9) is required to be
changed to be(n) = y(n) bitest(n). Basically from now the same mathematical
equations discussed in Section 6.5.1 can be used. be(n) can be rewritten as:
be(n) = [ + i(n)  bAtest]sin(2[ bftest] n
N
+ [btest]) (6.13)
Since we are interested in cancelling out i(n), (6.13) can be expanded to:
be(n) = [ + hA  bAtesti 2 ]sin(2[ bftest] n
N
+ [btest]) (6.14)
where,  = [hA  bA1i; hA  bA2i; :::; hA  bAKi]. Then taking the mean square
error of (6.14) yields:
E[be2(n)] = f; bAest 2 [hA  bA1i; hA  bA2i; :::; hA  bAKi] (6.15)
where  = min(E[be2(n)]) and  are complex.
For simplicity, the ICA will sort the elements of  and arrange its minimum
value into the mid-index location. It can be assumed that the actual parame-
ters are approximately in the mid-index location of the testing parameter range
since K is assumed to be odd, the ICA will determine the estimated parame-
ter based on the index corresponding to the minimum value in the mid-index
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location. Again as discussed in Section 6.5.1 the ICA will determine bAest, bfest
and best and store them before passing them to the FFT or DWT block.
6.6 Performance of the ICA
For this performance simulation, the results are obtained from the ideal and
non-ideal cases. MATLAB was used to perform the simulation. All the OFDM
parameters were simulated according to the values indicated in Table 3.2 in
section 3.4 considering FFT-OFDM and DWT-OFDM for Fourier and wavelet
based OFDM respectively in each case.
6.6.1 The Ideal Case
Figure 6.7 shows the performance for an ideal case. This shows that wavelet-
based OFDM outperforms Fourier-based OFDM. This again can be seen in
the case of SNR = 5 dB where an error of 0.01812 was obtained for wavelet-
OFDM and 0.03277 for the Fourier-OFDM. As SNR increases, the wavelet-
OFDM continues to outperform Fourier-based OFDM. This was true since
the input for the subtraction from the acquired test signals was the sinusoidal
interference itself. Because of this, the minimum mean square error (MMSE)
obtained would be zero.
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Figure 6.7: Performance of Fourier- and wavelet-based OFDM: the ideal case.
6.6.2 The Non-Ideal Case
For the non-ideal case, we assume that all testing parameters are positive.
This is important since our interference model is a sine wave which is an odd
function. We also assume that the number of samples are odd. This is because
the ICA performs the task of sorting and centralising the minimum value after
determining MMSE. Figure 6.8 shows the performance of the non-ideal case.
In this case, the wavelet-based OFDM has also outperformed Fourier-based
OFDM. At SNR = 5 dB, an error of 0.01817 was obtained as compared to
0.03167. The dierence of about 1.35 % was due to the fact that the wavelet
transform has the property as described in the previous section. The system
also shows that the ideal and non-ideal cases have approximately the same
curve. This means that the proposed ICA algorithm has a good performance.
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Figure 6.8: Performance of Fourier- and wavelet-based OFDM: the non-ideal case.
6.7 Summary
We proposed an interference cancelation algorithm (ICA) that has shown
outstanding performance for both ideal and non-ideal system cases where it
reached almost the same error. A sinusoidal interfering signal was considered.
In addition, the wavelet-based OFDM outperformed Fourier-based OFDM in
both cases. This chapter considers an estimation of a single type of interfer-
ence. Future work may include the model described in this work and may
consider multiple interferences as mentioned in the work in [6].
Chapter7
Impulsive Noise Interference eects in
OFDM Systems
7.1 Introduction
In general, the denition of impulsive noise is a random burst of noise [46].
Another term that can be used for impulsive noise is short burst [53] and
occurs randomly over a period of time. Compared to Gaussian noise, this
noise is mainly due to man-made and/or atmospheric-made noise [111]. This
term is also being dened in [18] and it is a natural electromagnetic interference
and highly non-Gaussian random processes. This man-made noise interference
can be classied into three major types [18]:
1. Class A interference: This noise is typically narrower spectrally than
the receiver's front-end bandwidth when a source emission terminates.
This type is described by a 3-parameter model; the impulsive index, the
ratio of the intensity between Gaussian and non-Gaussian components,
and the intensity of impulsive (non-Gaussian) component.
2. Class B Interference: This type requires a more extensive analytical
model. Here the bandwidth of the incoming noise is larger than that
of the receiver's front-end stages, so that transient eects, both in the
build-up and decay, occur, with the latter predominating. The receiver
is to varying degrees "shock-excited," particularly for inputs of very
short duration, so that the receiver is said to "ring." (broad band vis-
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a-vis the receiver), Class B noise is described by a 6-parameter model
which are including the 3-parameters in class A with another 3 addi-
tional parameters; the eective impulsive index, the spatial density-
propagation parameter and the scaling factor for correcting the mean
square error envelope of the class B impulsive component.
3. Class C Interference: This is the sum of Class A and Class B interfer-
ence.
Details for each type can be found in [18]. The purpose of presenting the
above category is to see that our impulsive noise interference is laid in the
rst type. The reason is that the class A interference type, or, a Middleton
Class A is a statistical-physical impulse noise model [25]. Its occurrence has
approximately a Poisson distribution, which means the arrival of the impulsive
noise follows the Poisson process with a rate of units per second, so that the
event of arrivals in seconds has the probability distribution which follows the
equations of (3) in [25], and (6) in [135].
In discrete time the Bernoulli-Gaussian impulse noise model is used as an
equivalent to the continuous-time model of Poisson distribution of arriving
delta functions with random area distributed according to the Rayleigh prob-
ability density function.
A recent work has focussed on the eect of impulsive noise when wavelet
packet division multiplexing (WPDM) is used [62]. Some discussions are re-
lated to the performance comparison between OFDM and time division mul-
tiplexing (TDM), however, there is no indication of a comparative study of
performance using DWT and WPT as an alternative to FFT. Although the
studies in [135] provide strong analysis of impulsive noise and its eect on the
performance of OFDM system, its purpose is for the specic area of power
line communications (PLC). Characteristic of impulsive noise in time and fre-
quency domain analysis is studied in [87], but, the study also applied for PLC.
To the best of the authors' knowledge, there is no work showing the steps
of how to simulate exible transformed models of DWT- and WPT-OFDM
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as alternative replacements of FFT-OFDM under the eect of impulse noise.
This chapter is divided into two main sections: section 7.2 discusses the im-
pulse noise eects on the OFDM system, section 7.3 presents the exibility
models of FFT-, DWT- and WPT-OFDM, and section 7.4 obtains the results
for the bit error rate (BER) performance considering two dierent scenarios of
impulse noise eects.
7.2 Impulsive Noise Interference Model
The eect of impulsive noise on OFDM systems has been discussed in many
literatures [62], [75], [87], [135]. In this section, we describe the general prin-
ciples of impulse noise when it aects an OFDM system. We also mention
the recurrence parameter of Poisson distribution which will aect the system
performance. Let yk be the transmitted signal, then the received signal can be
written as follows
rk = yk + gk k = 0; 1; 2; :::L  1 (7.1)
where gk is the noise consisting of AWGN and impulsive noise, and is given by
gk = wk + ik (7.2)
where wk is the additive Gaussian process with mean zero and variance 2w and
ik can be expressed as
ik = kzk (7.3)
In this case, k is the Poisson process indicating the arrival of impulsive noise
and zk is the white Gaussian process with mean 0 and variance 2z . It is
generally assumed that 2z is much larger than 
2
w. Note that the impulsive
noise having variance 2z amplitude occurs during the length of L samples. The
occurrence of the impulsive noise generally follows the Poisson distribution of
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a random variable X and can be expressed as [135]
P (k) = P (X = k) = exp[ a(a
k
k!
)] k = 0; 1; 2; :::; L  1 (7.4)
where a is the Poisson parameter which is the average value of Poisson ran-
dom variables. A general illustration of relationship between impulse noise
interference, OFDM received symbol and AWGN can be found in Fig. 7.1.
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Figure 7.1: General relationship, impulse noise interference, OFDM symbol and
AWGN [135].
7.3 Flexibility Transformed Models
The exibility transformed models in this section is referred to the compo-
nents, namely inverse transform and forward transform, in the transmitter
and receiver of the block diagram of Fig. 2.3. The inverse and forward block
transforms are exible and can be substituted with FFT-, DWT- or Wavelet
Packet (WPT)-OFDM [57]. The three transformed platform has been dis-
cussed in chapter 2 and 3. It is interesting to observe in [57] that the authors
show the works on how to simulate exible transformed models of DWT- and
WPTOFDM as alternative replacements of FFT-OFDM under the eect of
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impulse noise. The detail of each model, either DWT-OFDM or WPT-OFDM
is discussed in section 3.3.1 and section 3.3.2 accordingly. The models are
also described and shown in Figs. 3.6 and 3.8 respectively. The MATLAB
commands for each model has also been provided in those sections. How-
ever, FFT-OFDM model and block diagram are not discussed because they
are available in much literatures.
7.4 Experimental Results and Discussion
All of the transformed models in FFT-,DWT- and WPT-OFDM systems use
the parameters as shown in Table 7.1. The number of samples for the subcar-
riers N is 64, and the number of samples for the symbols ns is 1000. Other
variables are listed according to their use as a exible model platform, either
a FFT-, DWT- or WPT-OFDM.
Table 7.1: Simulation variables and their matrix values.
FFT-OFDM DWT-OFDM WPT-OFDM
Variables Matrix Values Matrix Values Matrix Values
N 64 64 64
ns 1000 1000 1000
CP 8 0 0
wv - bior5.5 bior5.5
d (N  ns) 64 1000 64 1000 64 1000
Xm(N  ns) 64 1000 64 1000 64 1000
xx 1 64000 1 64000 1 64000
Xk 64000 1 128000 1 64000 1
Uk 64000 1 128000 1 64000 1
uu 1 64000 1 64000 1 64000
Um (N  ns) 64 1000 64 1000 64 1000
d
0
(N  ns) 64 1000 64 1000 64 1000
The signal-to-noise ratio (SNR) for all the simulations is determined as
SNR =
Px
Pn
=
Px
2w + Pi
(7.5)
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where Px is the mean power of the transmitted OFDM signal, 2w is the mean
power of the Gaussian noise and Pi is the mean impulsive noise power. The
ratio r between Pi and 2w is dened as r = Pi=
2
w. Since the impulsive noise
follows the Poisson distribution in timing, the equation (7.5) can be rewritten
as
SNR =
Px
Pn
=
Px
2w +
1
a
2z
(7.6)
where a is the Poisson parameter as indicated in equation (7.4) or it is the
average value for Poisson random variables occurring during L = N  ns
length of samples. In our simulation, we are interested in varying the values
of a with the value of r = 10. When a is small, the received OFDM signal rk
has many impulsive noise samples as compared to when a is large. Examples
of typical samples of the received OFDM signals having dierent a small value
(i.e. a = 5) and a large value (i.e. a = 50) are shown in Figs. 7.2 and 7.3.
We have divided this section in two parts; scenario I: a = 5 and r = 10, and
scenario II: a = 50 and r = 10. Note that the value of r, which is the ratio
value of Pi over Pn, is not varied because it will not make much impact on
the BER results even though the three platforms are dierent. On the other
hand, a will have a signicant impact on performance since it is related to the
exponential function as indicated in equation (7.4).
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Figure 7.2: Sequence Samples of two OFDM symbols with impulsive noise eect
when a = 5.
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Figure 7.3: Sequence Samples of two OFDM symbols with impulsive noise eect
when a = 50.
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7.4.1 Results: Scenario I
Fig. 7.4 shows the results of Scenario I when a = 5 and r = 10 for all plat-
forms. This condition can be referred to as heavily disturbed since the system
has more frequent impulsive noise peaks as indicated in Fig. 7.2. It is in-
teresting to see that WPT-OFDM signal shows minimal BER when there is
no impulse noise; also when the impulse noise is present. At SNR of 20 dB,
the BER of WPT-OFDM is about 0.07 as compared to 0.1 and 0.18 of DWT
and FFT-OFDM respectively when there is impulse noise (2z >>> 
2
w). This
also means that WPT-OFDM produces about 3 and 11 % less errors in the
OFDM received samples as compared to DWT- and FFT-OFDM respectively.
This is due to the fact that the wavelet packet tree produces wavelet basis
functions at the terminal of level 3 having about the same basis functions at
the same terminal as in the transmitter satisfying the perfect reconstruction
and orthonormal bases properties. The DWT-OFDM also satises those prop-
erties when it deals with the LPF and HPF coecients in the transmitter and
receiver. However, the WPT-OFDM has the characteristics of forming the tree
structure of wavelet basis function which is the result of the splitting process of
scaling and wavelet coecients corresponding to the LPF and HPF coecients
as discussed in section 3.3.2.
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Figure 7.4: BER performance of Scenario 1 for all the three transforms when a = 5
and r = 10.
7.4.2 Results: Scenario II
The results of Scenario II when a = 50 and r = 10 for all platforms are shown
in Fig. 7.5. In this scenario, the condition of impulsive noise eect has less
impact since the value of a is large as illustrated in Fig. 7.3. It is shown
that WPT-OFDM is superior to all as discussed in the previous section. To
be specic, the BER of WPT-OFDM is about 0.015 as compared to 0.03 and
0.1 of DWT and FFT-OFDM respectively at SNR of 20 dB in the presence
of impulse noise. This also shows that the WPT obtain about 1.5 % and 8.5
% less errors of the OFDM received samples as compared to DWT and FFT
platforms respectively. Comparing the BER of Scenarios I and II, we can point
out that the performance for this section is better since it obtained the result
of 0.015 as compared to 0.07 in Scenario I within the same SNR value. This
shows that our results match with the values of a as discussed in section 7.2
because the eect of the impulsive noise is less when the value of a is large.
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Figure 7.5: BER performance of Scenario 2 for all the three transforms when a = 50
and r = 10.
7.5 Summary
In this chapter, a performance study on DWT-OFDM and WPT-OFDM as
substitutions for FFT-OFDM, with focus on the eects of impulse noise is
presented. The exibility models regarding FFT-OFDM, DWT-OFDM and
WPT-OFDM platform models are discussed. These models are described in
more details in chapter 3. Performance in terms of BER is also obtained for
all of these techniques while varying the Poisson distribution parameters. The
results showed that impulsive noise has less impact on the system when its
recurrence parameter a is large. The BER performance of the WPT-OFDM
system is shown to be superior to others due to its characteristics of forming the
tree structure of wavelet basis function splitting LPF and HPF coecients.
Chapter8
Performance OFDM Systems in DVB-T
and FER
8.1 Introduction
An OFDM system is a multi-carrier system which processes signals to be trans-
mitted in parallel at dierent frequencies simultaneously from the same source.
The conventional OFDM system, Fourier based OFDM, employs guard inter-
val or cyclic prex (CP) so that the delay spread of the channel becomes
longer than the channel impulse response to minimize inter-symbol interfer-
ence between symbols. However, the CP brings the disadvantage to the spec-
tral containment of the channels. Much literatures have studied the use of
wavelet based to replace Fourier based OFDM and found out that the wavelet
based has more advantages than Fourier based OFDM. Some researchers have
made comparisons between discrete multitone (DMT) and discrete wavelet
multitone (DWMT) systems. However, to the best of author's knowledge,
not much literature consider the applications of digital video broadcasting-
terrestrial (DVB-T) in their investigations. There is only one literature, which
is [55], discusses both OFDM systems with the DVB-T system. More discus-
sions of FFT-OFDM and wavelet based OFDM are available in chapter 2 and
3 respectively.
This chapter is divided into two main sections. The rst part of this chapter
considers the performances of Fourier-Based and Wavelet-Based OFDM for
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DVB-T Systems in section 8.2. The use of DVB-T in which that the bandwidth
of the transmission is 8 MHz compliance with ETSI standard for 2k mode has
been considered. We made comparisons based on BER Monte Carlo simulation
for AWGN and Rayleigh fading channels. Section 8.2 contains the eect of
NBI in section 8.2.1, followed by the presentation of the experimental results
of DVB-T in AWGN channel in section 8.2.2 as well as the experimental results
of the BER performance in multipath channel in section 8.2.3.
The second part presents the QAM comparisons of OFDM and FER ap-
plication. In this research work, the BER performance of QAM over OFDM
channel with facial expression recognition application is studied in section 8.3.
The QAM scheme using FFT-OFDM is presented in section 8.3.1, whereas,
the modulation comparisons using DWT-OFDM is discussed in section 8.3.2.
The experimental results are described in section 8.3.3 and 8.3.4 respectively.
8.2 DVB-T and OFDM systems: Performance
Simulation in DVB-T System
In this section, the performance of wavelet-based OFDM is compared with
Fourier-based OFDM. Assumptions are made that the simulation is performed
without the consideration of the channel equalization or channel estimation.
For the system simulation, the OFDM parameters for DVB-T system are used
with compliance of ETSI standard. This is shown in Table 8.1. Note that
the term 2k mode refers to the number 1705 of subcarriers in ETSI standard
above.
8.2.1 NBI Eect in DVB-T
Fig. 8.1 shows the frequency response of the system at the front end re-
ceiver of OFDM (DVT-B system) in AWGN channel. The top part shows
the signal with carrier frequency about 90 MHz. The bottom part shows the
signal if there is an unwanted signal or an interference within the same 8 MHz
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Table 8.1: OFDM parameters for the 2k mode from [132].
Parameter 2k mode
Duration OFDM symbol period, Tu 224e-6
Baseband elementary period, Tb Tu/2048
Number of carriers K 1705
Value of carrier number Kmax 1704
Value of carrier number Kmin 0
Carrier Spacing 1=Tu 4464 Hz
Spacing between carriers
Kmax and Kmin, (K   1)=2 7.61 MHz
Allowed guard interval 1/4
1/8
1/16
1/32
Duration of symbol part Tu 1048 Tb = 224e-6
Duration of guard interval  512 Tb = 56e-6
256 Tb = 28e-6
128 Tb = 14e-6
64 Tb = 7e-6
Symbol duration Ts = + Tu 2560 Tb = 280e-6
2304 Tb = 252e-6
2176 Tb = 238e-6
2112 Tb = 231e-6
bandwidth. In this case, we showed the unwanted signal having the carrier
frequency of about 91 MHz. To simulate the signal to satisfy the transmission
bandwidth of 8 MHz for DVT-B system, the sampling frequency has to satisfy
Nyquist criterion, considering at least twice of the carrier frequency. In this
simulation, we used a carrier frequency of about 90 MHZ for VHF channel,
making the sampling frequency (fs) of at least 180 MHz or the sampling time
(ts) was reciprocal of it, about 5.47 nano seconds.
In the presence of narrowband interference, the performance of OFDM in
terms of Eb=No was also shown. In Fig. 8.2, the comparison was made when
the narrowband interference may co-exist within the DVB-T spectrum and
also when it was absence for both systems, the wavelet-OFDM (db32-OFDM)
and FFT-OFDM with 25% of the total OFDM symbol period. Assumption
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Figure 8.1: Frequency response of 2k mode signal (number of subcarriers: 1705) at
the front-end receiver of (FFT-16-QAM with CP 1/4 th of symbol period) OFDM
(DVT-B system) in AWGN channel without (Top gure) and with (Bottom) inter-
ference.
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was made that the carrier frequency of the narrowband interference was 91
MHz next to the OFDM transmission frequency carrier for both systems. We
used a simple method, time windowing technique as mentioned in [119] to
suppress the interference. Time-domain windowing (TDW) is performed when
the received signal sample is multiplied by a sample-by-sample in each symbol
time with the window coecients. In this case, rectangular pulse windowing
is used. The wavelet-based OFDM with db32 showed a signicant perfor-
mance improvement of about 6 dB at BER of 0.01 over FFT-OFDM when the
suppression method was applied.
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Figure 8.2: Performance of BER of FFT-OFDM and db8/db1 (Haar) - OFDM over
AWGN channel using 16-QAM in the presence of narrowband interference.
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8.2.2 AWGN Channel
The Daubechies' DWT-OFDM family outperform the Fourier-based FFT-
OFDM as shown in Fig. 8.3. In this simulation, we used CP of 25% of the
total OFDM symbol period for the FFT-OFDM system. The DWT-OFDM
families do not require cyclic prex due to the overlapping nature of their
properties. The Haar or db1 wavelet outperformed the FFT-OFDM by Eb=No
margin of 5 dB, for the same BER of 0.001 on AWGN channel. Other members
of the Daubechies family such as db8, db16, and db32 also outperformed the
FFT-OFDM by 7 dB, 10 dB, and 11 dB, respectively, at the same BER.
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Figure 8.3: Performance of Bit error rate (BER) of Fourier-based OFDM and dif-
ferent Daubechies DWT-OFDM's over AWGN channel using 16-QAM.
8.2.3 Multipath Fading Channel
A comparison of BER was also observed in a multipath at-fading channel in
Fig. 8.4. We considered that the channel is static or the maximum Doppler
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shift is 0. The DWT-OFDM's with db8 and Haar outperformed Fourier-based
OFDM by 7 dB and 2 dB, respectively, at BER of 0.01. Performance in mul-
tipath frequency-selective fading was also simulated. In this case, we assumed
that the receiver is a pedestrian with a walking speed of 1 m/s in an urban
area. Using the formula fd = (vfc)=C (C = 3108 m/s), a maximum doppler
shift (fd) of about 0.3 Hz was obtained. The dierence in time between path
delays was approximately 6 micro seconds. In Fig. 8.5, the performance curves
of Haar wavelet and db8 were almost the same as that of FFT-OFDM at low
Eb=No (less than 10 dB). However, the results showed signicant improvement
by DWT-OFDM with Eb=No higher than 10 dB. The system might be fur-
ther improved at low Eb=No if we could use a single-tap channel equalizer to
compensate the performance due to the Rayleigh fading.
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Figure 8.4: Performance of BER of FFT - OFDM and db8/db1 Haar -OFDM and
over multipath fading.
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Figure 8.5: Performance of BER of FFT-OFDM and db8/Haar-OFDM over multi-
path (i.e multipath follows Rayleigh fading).
8.3 FER and OFDM Systems
In this system, facial image is used as the input data for the OFDM systems.
An image pre-processing procedure is required to process the data before it
is passed to the QAM modulation and OFDM channel. At the receiver, the
image is recovered after applying facial expression recognition (FER). Several
methods have been available in literatures including Higher-order local Auto
Correlation (HLAC) to achieve an optimum image recovery. Details literature
about FER can be found in [114] and [61].
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8.3.1 The System Model of FER and FFT-OFDM Chan-
nel
The binary data is processed by M-ary quadrature amplitude modulation
(QAM) to map the raw binary data to appropriate QAM symbols. The term M
here means the number of binary input to the QAM. In the case of 4-QAM, M
is 2 bit. There are four possible symbols that can be transmitted in parallel in
an OFDM channel for that type of QAM. On the other hand, M is 4 bits if one
considers 16-QAM. There are sixteen possible symbols that can be transmitted
in parallel. These symbols are then input into inverse fast Fourier transform
(IFFT). This involves taking N parallel streams of QAM symbols (N being the
number of sub-carriers used in the transmission of the data) and performing
an IFFT operation on this parallel stream. The IFFT and FFT have already
been discussed in detail in section 2.5 and are not being described again in this
section. The signicant note from the gure is that the performance has been
compared for two dierent QAM modulation using Fourier based OFDM and
presented in further detail in section 8.3.3. In a typical communication link,
the demodulated signal in the receiver will use the same modulation type as
the modulated signal in the transmitter to achieve ecient use of bandwidth
within optimal bit error rate. If the system uses 4-QAM in the transmitter,
the receiver will also require to use 4-QAM demodulator in order to recover
back the signal with 2 bits of data.
Figure 8.6: An overall system when FER is applied to conventional OFDM Channel.
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8.3.2 The SystemModel of FER and DWT-OFDMChan-
nel
Fig. 8.7 shows the system block diagram when considering wavelet based
OFDM. QAM modulator and demodulator perform similar operations as de-
scribed in previous section. In this case, two QAM types, 4-QAM and 16-QAM
are used for obtaining the results in section 8.3.4. All functional components
perform similar tasks as described in section 8.3.1 except the IDWT and DWT
blocks. The operation of these two components is not described in this sec-
tion. Their input and output signals processing have been discussed in chapter
3. The signicant point from the gure is that the system has performed ex-
perimental results between 4-QAM and 16-QAM within two dierent wavelet
families, orthogonal i.e. db2 and biorthogonal i.e bior5.5. Further wavelet
families discussion can be found in section 8.3.4. These two wavelet families
have been simulated because they showed better BER performance among or-
thogonal and biorthogonal families as described in section 3.4 shown in Fig.
3.13.
Figure 8.7: An overall system when FER is applied to Wavelet based OFDM Chan-
nel.
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8.3.3 QAMModulation Performance Comparisons: FER-
Fourier based OFDM
Fig. 8.8 shows the error rate for 4-QAM and 16-QAM based on dierent SNRs.
When the system uses 4-QAM, there is only 2 bits of transmission. As a result,
the error rate oscillates within a small gap of error dierence, which is between
0.15 to 0.22, to achieve a stable rate of error between 0 to 16 dB of SNR. On
the other hand, the error rate oscillates within a big gap of error dierence
when the system uses 16-QAM. , there is only 2 bits of transmission. It takes
a longer values of SNR from 0 to 30 dB to reach a stable rate of error since it
has 4 bits of transmission.
Figure 8.8: Error rate versus signal to noise ratio for dierent QAM modulation.
In Fig. 8.9, the theoretical value was obtained from equations (14) and (15)
in [99]. The result shows that the image as input source has been correctly
detected by the receiver as expected. This is because 4-QAM always show less
BER error compared to 4 bits per symbol for 16-QAM [48].
It is shown that the empirical results has merged to obtain about the same
as the theoretical results for 16-QAM modulation scheme. In addition, when
the system uses 4-QAM, it has achieved an excellent performance as its empir-
ical value performs inline with theoretical value. Moreover, when comparing 4
and 16-QAM, there is a marginal dierence of about 6 dB SNR gain between
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those two QAMs at BER target of 10 4.
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Figure 8.9: Bit error rate versus signal to noise ratio for dierent QAM modulation.
8.3.4 QAMModulation Performance Comparisons: FER-
Wavelet based OFDM
Fig. 8.10 shows the error rate for 4-QAM and 16-QAM based on dierent
SNRs when wavelet based OFDM has been considered with FER. The result
is correct because the error would be less if the number of level QAM is small.
It is interesting to observe that bior5.5 has less error rate compare to db2 in
both QAM schemes. This is possible since biorthogonal wavelet oers extra
advantage in which that it has symmetrical scaling and wavelet coecients as
explained in chapter 3.
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Figure 8.10: Error rate versus signal to noise ratio for dierent QAM modulation.
In Fig. 8.11, the result shows that the image as input source has again been
correctly detected by the receiver as expected. Specically, at BER target of
10 4, there is a marginal dierence of about 6 dB SNR gain between those two
QAMs. It also interesting to observe that bior5.5 has better BER performance
than db2 in both modulation schemes because of its characteristics having
symmetrical scaling and wavelet coecients.
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Figure 8.11: Bit error rate versus signal to noise ratio for dierent QAMmodulation.
8.4 Summary
In this chapter, we studied DVB-T system using two OFDM platforms and
facial expression recognition over OFDM channel for two dierent modulation
methods within two OFDM systems. It is shown that the wavelet-based OFDM
(DWT-OFDM) out-performs Fourier-based OFDM (FFT-OFDM) in terms of
Eb=No for the same bit error rate (BER) target of 0.001 in DVB-T system. As
the order of Daubechies lter increases from 1 (haar) to 32, the Eb=No gain also
increases and all showed improvement over Fourier-based OFDM. In the pres-
ence of narrowband interference, the performance of OFDM in terms of Eb=No
was also shown. The wavelet-based OFDM with db32 showed a signicant
performance of improvement of about 6 dB at BER of 0.01 over FFT-OFDM
when the time windowing technique was applied. Further simulation were also
done in Rayleigh fading channels under multipath at-fading and frequency
Chapter 8. Performance OFDM Systems in DVB-T and FER 127
- selective fading. In both cases, the performance of the DWT-OFDM also
shows improvement over the performance of FFT-OFDM in DVB-T system.
Furthermore, when considering the second part of this chapter, two main
sections are discussed, considering FFT-OFDM with FER and DWT-OFDM
with FER. In FFT-OFDM with FER application, 4-QAM has an excellent
performance since its empirical value performs inline with theoretical value.
On the other hand, bior5.5 has obtained better BER performance as compared
to an orthogonal family db2 because it has shown less error rates in both QAM
modulations.
Chapter9
Conclusions and Future Directions
The purpose of this chapter is to summarise the results of each chapter and
to include the future directions. The second and third chapters discussed the
overview of Fourier based OFDM as well as wavelet based OFDM. The re-
sults are included to study the components of transceivers in typical OFDM
systems. The alternative platform of having wavelet OFDM can be applied
in many systems. Wavelet based OFDM has outperformed the conventional
OFDM since it oers many advantages. Due to oering many advantages, it
has bright prospect for future research. Using wavelet packet transform, we
can optimise the system by nding the best level of tree using dierent type
of QAM modulations. This idea can be performed in two dierent schemes,
circular and square modulations, as discussed in chapter 4.
The overviews of interference models and mitigation techniques are pre-
sented in chapter 5. Previous works show that they use conventional platform,
which is Fourier based OFDM, without considering wavelet based OFDM.
Therefore, an interference cancelation algorithm, which is explained in chap-
ter 6, has been proposed to work in both OFDM systems. Further interference
studies about an impulsive noise has been presented in chapter 7. This type
of interference is one of the most popular topics in an OFDM system. Much
literature studies the eect of an impulsive noise in conventional OFDM sys-
tem. There are few investigations about it in wavelet based OFDM. Thus,
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this dissertation develops a exible models to function within three dierent
OFDM platforms, FFT-OFDM, DWT-OFDM and WPT-OFDM. Appropri-
ate MATLAB commands have to be performed correctly in order to function
each model. The nal chapter, which is chapter 8, deals with DVB-T system
and FER application for Fourier and wavelet based OFDMs. When consid-
ering DVB-T with OFDM systems, the 2k mode of parameters following the
ETSI standard are simulated for obtaining the experimental results. The ef-
fect of narrowband interference has been considered. When performing the
NBI eect, the narrowband interference frequency must be properly simulated
within the DVB-T frequency range in which that it is an oset value from the
frequency carrier. The second part of the nal chapter considers the FER ap-
plication with two OFDM channels within two comparisons of QAM schemes
(4-QAM and 16-QAM). The system block diagram containing inverse and for-
ward transforms have been identied as crucial components to indicate that
they works as Fourier or wavelet based OFDM. When the system considers
Fourier based OFDM, the inverse and forward transform consider IFFT and
FFT operations respectively. On the other hand, IDWT and DWT are the
operational blocks replacing IFFT and FFT respectively.
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9.1 Summary of Results
In chapter 4, we have derived the circular 16-QAM constellation in a programming-
like language environment and proved that its power consumption is less as
compared to the square 16-QAM scheme. The work has been applied to Fourier
and wavelet based OFDM systems to compare the two modulations. In Fourier
based OFDM system, the circular scheme showed slightly better results of BER
performance than the square using dierent number of subcarriers. The results
were also obtained for the wavelet based OFDM system using dierent wavelet
families. The error rates showed that the circular 16-QAM were also slightly
better as compared to the square 16-QAM.
An interference cancellation algorithm (ICA) that has shown outstanding
performance for both ideal and non-ideal system cases where it reached almost
the same error is proposed in chapter 6. A sinusoidal interfering signal was
considered. In addition, the wavelet-based OFDM outperformed Fourier-based
OFDM in both cases. This thesis considered an estimation of a single type of
interference but it is expected that in future work the model described in this
work can be expanded to consider multiple interferences as mentioned in work
by [6]. It is also good if this work can be extended to include other interference
cancelation or suppression algorithms in future work.
In chapter 7, performance studies on DWT-OFDM and WPT-OFDM as
substitutions for FFT-OFDM, with the focus on the eects of impulsive noise
interference are presented. The details about the DWT-OFDM and WPT-
OFDM platform models including the MATLAB commands are discussed.
Performance in terms of BER was also obtained for all of these techniques
while varying the Poisson distribution parameters. Our results showed that
impulse noise has less impact on the system when its recurrence parameter a
is large. The BER performance of the WPT-OFDM system is shown to be
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superior to others.
The performances of DVB-T in both OFDM systems, and application of
facial expression recognition over two OFDM channels for two dierent modu-
lation methods are considered in chapter 8. In the rst part of this chapter, the
performance of DVB-T has been obtained. It is shown that the wavelet-based
OFDM (DWT-OFDM) out-performs Fourier-based OFDM (FFT-OFDM) in
terms of Eb=No for the same bit error rate (BER) target of 0.001 in DVB-T
system in AWGN channel. As the order of Daubechies lter increases from 1
(haar) to 32, the Eb=No gain also increases and all showed improvement over
Fourier-based OFDM. In the presence of narrowband interference, the perfor-
mance of OFDM in terms of Eb=No was also shown. The wavelet-based OFDM
with db32 showed a signicant performance of improvement of about 6 dB at
BER of 0.01 over FFT-OFDM when the time windowing technique, rectangu-
lar window, was applied. Further simulation were also done in Rayleigh fading
channels under multipath at-fading and frequency - selective fading. In both
cases, the performance of the DWT-OFDM also shows improvement over the
performance of FFT-OFDM in DVB-T system.
When considering the second part of this chapter, which is the application
of OFDM system in facial expression recognition over OFDM channel for dif-
ferent modulation methods, two subsections are discussed; FFT-OFDM with
FER and DWT-OFDM with FER. In FFT-OFDM with FER application, 4-
QAM has an excellent performance since its empirical value performs inline
with theoretical value. On the other hand, bior5.5, has obtained better BER
performance as compared to an orthogonal family, db2, because it has shown
less error rates in both QAM modulations.
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9.2 Future Directions
There are several areas in this dissertation that can be extended for further
research. These can be itemised as follows:
 One of the drawbacks OFDM system is the peak-to-average power ratio
(PAPR) problem. PAPR can be dened when the OFDM transmitting
signal produce high peaks and drive the power ampliers to operate near
non linear saturation regions. As a result, the power eciency becomes
weak and causes performance degradation. Therefore, it is necessary to
reduce PAPR. It is no doubt that there are many techniques introduce by
many literatures using conventional Fourier based OFDM. On the other
hand, wavelet based OFDM is a strong candidate as alternative platform
instead of the conventional one to reduce PAPR. The signicant feature
of wavelet based OFDM is its orthogonality is satised by wavelet lters
[24]. In addition, guard interval is also unnecessary, consequently, the
bandwidth eciency of WOFDM is enhanced by 20 percent better than
the conventional OFDM systems [78], [98]. Works in [127] reduces the
peak-to-average power ratio (PAPR) in Daubechies (Db) wavelet-based
OFDM (WOFDM) by searching better wavelet packet tree (BWPT)
structures. These BWPT structures are obtained by using a brute force
search algorithm. The study uses BPSK modulation to obtain the re-
sults. Therefore, future research may include to use this BWPT struc-
tures with dierent modulation types. By performing this method, the
results would be more novelty because of the variations of performances
with dierent modulations.
 BER performances can be further improved if we apply error control
coding [117]. An error control code can be dened as a redundancy
code that is inserted in the transmitted data stream so that the receiver
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can possibly detect the error and correct it during the signal transmis-
sion. A code rate R is normally expressed to indicate the amount of
the redundancy code of insertion. A coding gain term is also important
when discussing the error control code. It refers to the dierence of the
additional transmitted power that is required to obtain the same per-
formance without coding. An example of a very famous type of coding
is hamming code. It is a new approach of study to include such as a
hamming code in wavelet based OFDM system to improve BER perfor-
mances. It is a novelty work when comparisons of coding can be made
and also performed in Fourier based OFDM.
 Chapter 5 discusses mitigation methods without considering a mitiga-
tion technique for broadband interference. The broadband interference
mitigation would be hard to develop because its spectra is embedded
within almost every subcarrier in an OFDM symbol [96]. Because of
this characteristic, it results synchronization and timing errors. How-
ever, this interference would be possible to mitigate using wavelet based
OFDM system. According to [28], a wavelet based system is more robust
against synchronization errors could be developed without compromising
on spectral eciency or receiver complexity. The design and develop-
ment of new wavelets which handle timing oset can be performed in
order to mitigate the broadband interference.
 An estimation of a sinusoidal interference has been considered in chapter
6. This work could be extended to include other interference cancelation
or suppression algorithms. Mitigation techniques described in chapter 5
can be simulated and compared with the proposed ICA. Furthermore,
the proposed sinusoidal model described in chapter 6 can be extended
to consider multiple sinusoidal interferences as mentioned in [6] and the
OFDM systems, considering Fourier and wavelet based, should be de-
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veloped to estimate and mitigate them.
 In chapter 7, the eect of impulsive noise interference in OFDM schemes
is explained. Future works may develop mitigation techniques to min-
imise the impulsive noise. Example of works to mitigate the impulsive
noise in a multicarrier modulation is in [124]. This work presents cod-
ing techniques in which that RS code is applied to techniques such as
time domain clipping and MSE monitoring. The time domain clipping
technique is begun with the assumption that some of the impulses mag-
nitude are larger than the received ADSL signal. In order to detect them,
monitoring of sudden drops in AGC level, clipping in the ADC and in-
dicating the presence of large voltages at the input to the receiver are
the tasks of the decoder. If this event occurs for some time domain sam-
ples, the decoder has to declare that an impulsive noise is present and it
should erase the corresponding multitone symbol accordingly. The mit-
igation technique introduced by [124] considered only for Fourier based
OFDM. The wavelet based OFDM has not yet been considered. Thus, a
DWT-OFDM model as an alternative platform can be considered with
consideration of the mentioned techniques. Furthermore, this technique
coupled with the proposed ICA described in chapter 6 can be studied.
The performance results would be a novelty because this work is new
and it cannot be found in any available literature.
 Chapter 8 presents the application DVB-T in OFDM systems using 2k
mode of ETSI standards. The BER performance simulated in Fig. 8.2
showed the eects of NBI. The time windowing technique, rectangular
window, to suppress the interference was used. Future work should con-
sider the ICA presented in chapter 6. The time widowing technique such
as Hanning window, raise cosine window and Hamming window can be
also used. Comparisons of BER performances can then be evaluated. In
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the second part of chapter 8, the FER application with comparisons of
QAM modulations for FFT- and DWT- OFDM was considered. It is
interesting to observe the experimental results about BER performances
for the two types of QAM modulations of FFT-and DWT-OFDM with
FER application. It was not included the NBI eects in these systems.
Thus, future work would be benecial to have the eects of NBI in both
systems with dierent modulation techniques within the FER applica-
tion.
 The application of DVB-T system in chapter 8 and FER with OFDM
channels can be furthered studied when the systems consider 16-QAM
circular modulation scheme as described in chapter 4. In fact, the impul-
sive noise interference eects can also be simulated using this modulation
scheme as well. The performance results can be obtained and compared
with available square schemes. This work would become more inter-
esting when considering dierent mitigation techniques to suppress the
impulsive noise interference.
AppendixA
Orthogonality in an OFDM System
Appendix A: Orthogonal Integration between Two
Subcarriers(2.6)
From equation 2.6, consider two dierent integers, n =  and m =  with
the assumptions that

 6=  	, 0 <   N 	 and 0 <   N 	 where
N is the number of subcarrier. Then, we have two signals such as sin(!t)
and sin(!t) fulll the orthogonality by determining the integration over an
eective OFDM symbol period Ts and ! = 2Ts as shown in the following steps:
R Ts
0
sin(!t) sin(!t)dt =
R Ts
0
1
2
[cos(!t  !t)  cos(!t+ !t)]dt
=
R Ts
0
1
2
[cos( !t)  cos((+ 1)!t)]dt
= 1
2
R Ts
0
[cos( !t)  cos((+ 1)!t)]dt
= 1
2!
[sin(!t] jTs0   16! [sin((+ 1)!t] jTs0
= 1
2!
[sin(!t] jTs0   16! [sin((+ 1)!t] jTs0
= 0
The above derivation can also be treated in complex exponential by using
Euler's identity
[sin() = 1
2j
(ej   e j)] and [cos() = 1
2
(ej + e j)]
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AppendixB
Perfect Reconstruction Properties
Appendix B: Perfect Reconstruction(3.3.3)
Orthogonal Wavelet
A simple construction of block diagram showing perfect reconstruction (PR)
property is performed by a two-channel lter bank which is represented by the
LPF and HPF is shown in Fig. 3.3.3. The rst level of analysis lter in the
receiver part can be folded and the decimator and the expander are cancelled
out by each other. To satisfy a perfect reconstruction operation, the output
Yk(i) is expected to be the same as Xk(i). With the exception of a time delay,
the input can be considered as Yk(i) = Xk(i n) where n can be substituted as 1
to describe this simple task. The steps to perform the mathematical operation
of PR can be summarised as follows [86]:
1. Selecting the lter coecients for ga, i.e., a and b. Thus, ga = fa; bg.
2. ha is a reversed version of ga with every other value negated. Thus,
ha = fb; ag. If the system has 4 lter coecients with ga = fa; b; c; dg,
then ha = fd; c; b; ag.
3. hs is the reversed version of ga, thus hs = fb; ag.
4. gs is also a reversed version of ha, therefore gs = f a; bg.
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The above steps can be rewritten as follows:
ga = fa; bg; ha = fb; ag; hs = fb; ag; gs = f a; bg (B.1)
Considering that the input with delay are applied to ha and ga in Fig. ??,
then the output of these lters are
Zk(i) = b(Xk(i)   a(Xk(i 1)) (B.2)
Wk(i) = a(Xk(i) + b(Xk(i 1)) (B.3)
Considering also that Zk(i) andWk(i) are delayed by 1, then the subscript i can
be replaced by (i  1) as follows
Zk(i 1) = a(Xk(i 1) + b(Xk(i 2)) (B.4)
Wk(i 1) = b(Xk(i 1)   a(Xk(i 2)) (B.5)
The output Yk(i) can be written as
Yk(i) = gsZk(i) + hsWk(i) (B.6)
or,
Yk(i) =  aZk(i) + bZk(i 1) + bWk(i) + aWk(i 1) (B.7)
Substituting equations (8), (9), (10) and (11) into (13) yields to
Yk(i) = 2(a
2 + b2)Xk(i 1) (B.8)
The output Yk(i) is the same as the input Xk(i) except that it is delayed by
1 if we substitute the coecient factor 2(a2 + b2) by 1. The PR condition is
satised.
AppendixC
Probability of Error Circular 16-QAM
Appendix C: Calculation Probability of Error (Pe)
Expression (4.4)
Pe for binary PAM
Before we discuss the calculation of Pe for the circular 16-QAM, we provide the
fundamental concept of binary pulse amplitude modulation (PAM) for general
understanding. Consider Fig. C.1, we have the average probability of error
Pe in terms of minimum distance d given by
Pe =
1
2
P (y < 0jx= d
2
) +
1
2
P (y > 0jx=  d
2
)
=
1
2
P (x+ n < 0jx= d
2
) +
1
2
P (x+ n > 0jx=  d
2
)
=
1
2
P (n <  xjx= d
2
) +
1
2
P (n > xjx=  d
2
)
= P (n >
d
2
) or P (n <  d
2
)
= P (z >
dp
2N0
)
= Q(
dp
2N0
) (C.1)
where z is scaled by ratio of n over
q
N0
2
or z = nq
N0
2
andQ(x) = 1p
2
R1
x
e
 x2
2 dx.
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Expressing Pe in terms of energy over noise spectral density, we need to
consider the energy E for both points is the same amount since they are same
distance to the centre or reference point 0. Thus, the energy for both points is
E = (d
2
)2, and also d =
p
4E = 2
p
E. By substituting E and d into equation
C, we have
Pe = Q(
2
p
Ep
2N0
)
= Q(
r
2E
N0
) (C.2)
Figure C.1: The decision boundary Binary PAM. Note: Ts is a symbol period
Pe for Circular 16 QAM
This appendix has gures related to section 4.4 of Chapter 4.
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Figure C.2: The pdf curve illustrating the decision boundary process.
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Figure C.3: Type I of decision boundary associated to the inner most circle of Figure
4.2.
Figure C.4: Type II of decision boundary associated to the points {5, 7} in Figure
4.2
Figure C.5: Type III of decision boundary associated to the six points {4, 6, 8, 9,
10, 11} in Figure 4.2
Figure C.6: Type IV of decision boundary associated to the four points located on
the outermost circle in Figure 4.2
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